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Summary 
 
Water recycling is becoming an increasingly attractive alternative to supplement the limited 
fresh water supply in Australia. In Victoria, recycled water is commonly applied for non-
potable reuse for industrial and domestic purposes. Secondary-treated effluent provides a 
sustainable and reliable source of recycled water; however, its potential use is sometimes 
limited due to some risks and challenges mainly associated with public and environmental 
health due to the presence of harmful and persistent pollutants.  
 
In this study, the secondary-treated effluent from a local wastewater treatment plant (WWTP) 
was shown to have a distinct brownish colour (90-140 Pt-Co) due to the presence of industrial 
waste, which is an aesthetic issue and may reduce its appeal to the customer use of this 
product. The major contributor of colour was shown to be humic-like substances, sourced 
from an industrial waste, which explained the observed weekly pattern. The colour and the 
associated parameters increased during the week from Monday to Friday and then decreased 
over the weekend. The aim of this research was to investigate the advanced treatment of this 
secondary effluent to remove the colour so that it may be fit-for-purpose for recycling (≤ 20 
Pt-Co units).  
 
The application of advanced oxidation processes (AOPs), which generate the powerful 
oxidant, hydroxyl radical (HO•), has been explored for treating natural organic matter (NOM) 
in drinking water. The effluent organic matter (EfOM) in secondary effluent, however, 
comprises a more diverse and complex set of components in addition to NOM. This research 
focused on the two most applied AOPs, UV-based and ozone-based treatments, to treat this 
highly coloured effluent and investigate the impact of these processes on its organic properties 
and the resulting oxidation by-products. The use of these processes to remove the colour may 
also lead to destruction of other potentially hazardous substances within the effluent. 
 
The UV-based treatments: ultraviolet UVC (254 nm) and vacuum ultraviolet (VUV) (254 + 
185 nm) irradiation, with and without the addition of hydrogen peroxide (H2O2), were shown 
to provide a high degree of decolourisation of the secondary effluent. The systems which 
support the production of HO• were shown to be significantly more effective for improving 
the quality of the effluent compared with UVC irradiation alone. The loss of colour was 
mainly due to the breakdown of the high molecular weight (HMW) humic substances to lower 
molecular weight (LMW) compounds as demonstrated by liquid chromatography with 
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organic carbon detection (LC-OCD), while only partial mineralisation was achieved. The 
production of these LMW by-products resulted in increasing biodegradability from 10% to 
about 40%. The addition of hydrogen peroxide made the UV-mediated decolourisation 
process more economically feasible by accelerating the decolourisation rate. The colour target 
was achieved after 15 minutes of treatment by UV/H2O2 (32 mg/L), equivalent to UV dose of 
11.1 J/cm2. Overall performance of the UV-based treatments in terms of reduction in colour, 
absorbance at 254 nm (A254), dissolved organic carbon (DOC) (and thus EE/O) decreased in 
the following order: UV/H2O2 (32 mg/L) > VUV/H2O2 (16 mg/L) > UV/H2O2 (16 mg/L) > 
VUV > UVC 
 
Ozonation of the effluent under different conditions: various inlet ozone concentration, pH 
and addition of hydrogen peroxide of different concentrations, was conducted. Rapid 
decolourisation was observed which was attributed to the fragmentation of chromophoric 
material that was highly reactive towards ozone. Ozonation also generated bio-available 
compounds resulting from the transformation of aromatic structures into saturated aliphatic 
compounds as indicated by a decrease in SUVA values. Typically, the biodegradability was 
increased by 3 to 4 times following treatment.  
 
Neither ozonation under alkaline conditions (pH = 10) nor the addition of H2O2 to achieve 
indirect oxidation via the production of HO• improved the degradation process since the 
ozone was rapidly consumed upon introduction by the highly reactive species, leaving no 
dissolved ozone to react with the H2O2. The much lower HO• production during ozonation, as 
measured by the probe compound pCBA, confirmed the relatively low mineralisation 
compared with the UV/H2O2 treatment.  
  
It was shown that during UV-based treatments, the loss of colour, DOC and the fluorescence 
of fulvic acid-like compounds followed first order kinetics. Parallel first order kinetics was 
able to model the rate of loss of A254 and the fluorescence of humic acid-like compounds for 
the systems involving the production of hydroxyl radicals. Decolourisation by ozone-based 
treatments and the loss of humic acid-like matter was best modelled using parallel first order 
kinetics, while the loss of A254 and fulvic-acid like matter was best described using first order 
kinetics.  In terms of electrical energy input (EEI), ozonation was shown to be approximately 
six times more energy efficient compared with UV/H2O2 treatments to achieve the colour 
target (20 Pt-Co units).  
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Sequential treatments involving UV- and ozone-based processes showed that ozonation can 
be applied as a pre-treatment step to the UV/H2O2 process. Ozone oxidised the UV-absorbing 
species and so more UV was available to photolyse H2O2 to HO•. As a result a synergistic 
effect was observed for the reduction of A254, DOC and COD, however colour was 
preferentially removed by ozonation so no beneficial effect was attained from the sequential 
treatment. On the other hand, the use of UV/H2O2 following pre-ozonation could increase the 
mineralisation 2.5 times after biodegradation but resulted in much higher energy consumption 
(4.5 times).  
 
Investigation of the impact of these processes on the formation of disinfection by-products 
(DBPs), particularly the emerging nitrogenous DBPs, was conducted to study the potential 
impact in potable wastewater re-use. In all treated and untreated effluent, bromate, a particular 
by-product of ozonation, was not detected at levels greater than in the Australian drinking 
water guidelines (ADWG) due to the lack of the presence of dissolved ozone during 
treatments which is essential for the formation of bromate. Ecotoxicity analyses using 
Microtox® indicated that neither the untreated secondary effluent, nor the UV-based or ozone-
based, nor the sequential treatments were toxic. 
 
After DBP formation potential (DBPFP) tests with chlorination, up to 30 μg/L 
haloacetonitriles (HANs) were detected in the secondary effluent. The FP tests showed that 
the AOPs are effective for lowering the HANs formation as up to 40% reduction was 
achieved. Subsequent biodegradation further reduced HAN precursors so that HANs were 
below the detection limit. Lower levels of nitrosamines (350 ng/L) were detected for 
untreated secondary effluent with NDMA being the most dominant species (85%), which 
exceeded the guideline value for NDMA of 100 ng/L set by ADWG. The AOPs were shown 
to effectively reduce the formation potential of nitrosamines, particularly NDMA, such that 
the overall reduction of nitrosamine formation potential after treatments and biodegradation 
by UV/H2O2, ozonation and sequential treatment was 88%, 78% and 88%, respectively.  
 
The findings indicated that UV- and ozone-based processes have the potential to be employed 
as an advanced treatment of secondary-treated effluent, particularly for the removal of colour. 
This study compared the two different processes. While ozonation is clearly superior in terms 
of decolourisation and energy requirement, UV/H2O2 resulted in greater mineralisation 
although it requires the addition of chemical. The observed results compare well with reported 
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values by similar processes using different sources of secondary effluent. The complementary 
nature of the sequential ozone-UV/H2O2 treatment further improved the overall quality of the 
treated water. Substantial increase in the biodegradability of the treated effluent implies that 
these processes should not be used as a stand alone treatment, but rather as a pre-treatment to 
convert the non-biodegradable organics to biodegradable compounds. Hence, integration with 
biological treatment would be beneficial due to its ability to further remove the oxidation by-
products which were otherwise refractory, its low operating and capital cost, and capacity to 
reduce the concentration of the harmful disinfection by-products. 
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Nomenclature 
 
A  = Average surface area in the UV reactor (463.8/cm2) 
 
c  = Speed of light (2.997 x 108 m/s) 
ci  = Initial concentration of colour 
cf  = Final concentration of colour  
3O
c   = concentration of ozone gas (mg/L) 
C1  = Concentration of the fast reacting compounds 
C2  = Concentration of the slow reacting compounds 
Cr  =Concentration of the refractory/remaining compounds 
C(t)  = Concentration of the compounds at a given time t 
 
einstein = One mole of photons 
Eo  = Oxidation potential (V) 
EEI  = Electrical energy input (kJ/L) 
EE/O  = Electrical energy per order 
= Electrical energy required to reduce the concentration of a pollutant by one 
order of magnitude in 1000 L of water (kWh/m3/order) 
 
h  = Hours 
h  = Planck’s constant (6.626 x 10-34 J/s) 
 
k  = Reaction rate constant 
k1  = Reaction rate constant of the fast reacting compounds (/min) 
k2  = Reaction rate constant of the slow reacting compounds (/min) 
HO•  = Hydroxyl Radical 
I  = Applied ozone dose (mg) 
Io  = Total absorbed light intensity (einstein/L.s) 
L  = Litre 
 
[MeOH]t = Concentration of methanol at time, t 
mL  = Millilitres 
NA   = Avogadro’s number (6.022x1023 mol) 
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P  = Lamp operating power (kW) 
Po  = The intensity of VUV irradiation (einstein/s)  
QO3 or QG = Ozone gas flow rate (L/h) 
[O3]  = concentration of dissolved ozone (mg/L) 
 
R2  = correlation coefficient 
Sy/x  = Standard error of estimate 
 
t  = Time (hours or minutes or seconds) 
  
U  = Radiant energy of one einstein (J/einstein) 
VL  = Volume of treated sample in the ozone reactor (L) 
Vr  = Total volume of UV reactor  (0.9 L) 
XEM  = Fluorescence Emission wavelength (X-axis of EEM) (nm) 
YEX  =Fluorescence Excitation wavelength (Y-axis of EEM) (nm) 
 
ε  = Molar absorptivity (/M.cm) 
λ  = Wavelength (nm) 
Ф  = the quantum yield of methanol degradation (Ф=0.635)  
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Abbreviations 
A254  Absorbance measured at 254 nm 
ADWG Australian Drinking Water Guidelines 
AOP  Advanced Oxidation Process 
APHA  American Public Health Association 
AP I  Aromatic Protein I (from EEM spectra) 
AP II  Aromatic Protein II (from EEM spectra) 
 
BAC  Biologically Activated Carbon 
BDOC  Biodegradable Dissolved Organic Carbon 
BOD  Biochemical Oxygen Demand 
COD  Chemical Oxygen Demand 
 
Da  Dalton 
DBP  Disinfection By-product 
DPD  N, N-diethyl-p-phenylenediamine 
DOC  Dissolved Organic Carbon 
DWTP  Drinking Water Treatment Plant  
 
EDC  Endocrine Disrupting Compounds 
EEM  Excitation Emission Matrix 
EfOM  Effluent Organic Matter 
EPA  Environmental Protection Agency 
 
FA  Fulvic Acid 
FP  Formation Potential 
FRI  Fluorescence Regional Integration 
GAC  Granular Activated Carbon 
GC  Gas Chromatography 
 
HA  Humic Acid 
HAA  Haloacetic Acid 
HAN  Haloacetonitriles 
HMW   High Molecular Weight 
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HPLC  High Performance Liquid Chromatography 
HS  Humic Substances 
H2O2  Hydrogen Peroxide 
LC-OCD Liquid Chromatography – Organic Carbon Detection 
LMW   Low Molecular Weight 
LOD  Limit of Detection 
 
MeOH  Methanol 
MilliQ  MilliQ water (Organic-free water) 
MW   Molecular Weight 
MWD  Molecular Weight Distribution 
MS  Mass Spectrometry 
 
NOM  Natural Organic Matter 
NWQMS National Water Quality Management Strategy 
pCBA  ρ-Chlorobenzoic acid 
PPCP  Pharmaceuticals and Personal Care Products 
Raw  Untreated secondary effluent 
RDOC  Refractory Dissolved Organic Carbon 
 
SUVA  Specific UV Absorbance  
SMP  Soluble Microbial Products (from EEM) 
SS  Suspended Solids 
 
THM  Trihalomethane 
TN  Total Nitrogen 
TP  Total Phosphorus 
 
USEPA United States Environmental Protection Agency 
UV  Ultraviolet 
UVC  Ultraviolet radiation at 254 nm 
UVH  UV/H2O2 treatment  
VUV  Vacuum Ultraviolet (radiation at 254 and 185 nm) 
WHO   World Health Organisation 
WWTP Wastewater Treatment Plant 
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Chapter 1- Introduction 
 
Water covers 71% of the Earth’s surface and about 97% of all water belongs to the oceans. As 
the majority of the remaining 3% freshwater is trapped in glaciers and ice caps, only 0.3% is 
contained in rivers and lakes, and provides most of the water we use. Australia relies on 
rainfall for much of its water supply. Unfortunately, Australia’s rainfall is not distributed 
evenly and the extent of run-off into rivers and lakes is rather poor, e.g., in 2004/5 less than 
10% of rainfall made it into the surface water bodies (Trewin, 2006; AWMC, 2007). In the 
past decade, many different factors - population growth, increasing urbanisation, drought, 
reduced run off -  have created various challenges and pressures for providing a sustainable 
water supply (AWMC, 2007).  
 
The severity of drought, particularly during the mid 2000s, has raised questions about the 
impact of climate change on our water resources. Even with some conservation measures in 
place, a new supply of water is still required as soon as possible. Whilst there are many other 
options available for alternative water sources such as groundwater, new dams, urban 
stormwater harvesting and desalination, water recycling has emerged as one of the potential 
solutions for long-term sustainable water supply (AWMC, 2007). Recycled water provides a 
secure, rainfall-independent water supply that can be used for a wide range of purposes.  In 
addition to the obvious water saving benefits offered by water recycling, some extra benefits 
include: reduction of nutrient and contaminant loads to waterways, recovery of nutrients for 
agricultural uses, and reduced stress on groundwater aquifers and surface water catchments 
(AWMC, 2007).  
 
Secondary-treated effluent from wastewater treatment plants (WWTPs) can be considered as a 
reliable source of recycled water. Yet, the use of this water for recycling poses many risks 
(pathogenic, physical, chemical, and environmental). In this particular study, the secondary 
effluent from a local WWTP contains a high concentration of brown coloured substances that 
not only cause aesthetic problems at the ocean outfall but also reduce the appeal to the 
customers for water use due to the colour. There is also the potential that the contaminants in 
these waters may cause adverse effects to human health, even at relatively low concentrations. 
Hence to meet the higher standard and to increase its potential for recycling, further treatment 
is required to remove this substance or substances and to polish the quality of the water. This 
study aims at reducing the colour of the effluent to 20 Pt-Co unit to comply with the Class A 
recycled water as regulated by EPA Victoria (EPA, 2003).   
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An area for recycled water use is non-potable reuse as a substitute for potable water in 
applications that do not require potable water quality, i.e., irrigation, toilet flushing, 
horticulture. There is also a growing trend towards augmentation of drinking water supplies, 
indirectly and directly. Indirect potable reuse occurs when drinking water treatment plants  
(DWTPs) are impacted by the effluent from WWTPs (Krasner et al., 2009). Hence there is 
increasing interest in the tertiary treatment of wastewater to reduce the risks associated with 
its reuse. 
 
The organic matter in WWTP effluent usually comprises different groups of organics: natural 
organic matter originating from the drinking water supply, soluble microbial products that 
derive from the biological treatment process (e.g., activated sludge) and refractory synthetic 
organic products (e.g., pharmaceuticals and personal care products). It is known to the plant 
staff that the persistent colour in this particular secondary effluent is contributed by industrial 
input leading to an observed weekly trend in the colour and organic loading.  
 
A special class of oxidation techniques defined as advanced oxidation processes (AOP) have 
shown great potential in treating pollutants in water and wastewater. Much research and 
development work has been undertaken to commercialise some of these processes (Legrini et 
al., 1993; Andreozzi et al., 1999; Parsons, 2004), the majority of them have been dedicated to 
the treatment of drinking water. Oxidation processes employing ozone, hydrogen peroxide 
and UV radiation in various combinations, generating the powerful hydroxyl radical (HO•), 
leads to the breakdown and eventual mineralisation of the organic materials. These oxidation 
processes can also break down chemicals of concern (e.g., estrogenic substances, pesticides, 
antibiotics and personal care products, which occur in municipal wastewater and can survive 
the normal secondary treatment process) to biodegradable compounds.  
 
UV-based and ozone-based AOPs are the most studied and applied AOPs. They have been 
shown to be effective for the removal of organic matter and pollutants from drinking water, 
although they do have a few downsides due to their high capital and operating costs. These 
processes result in the fragmentation of the high molecular weight compounds to smaller ones 
and eventual mineralisation. This increase in the smaller and lower molecular weight 
compounds leads to enhanced biodegradability (Frimmel, 1994; Thomson et al., 2004b; Toor 
and Mohseni, 2007; Buchanan et al., 2008; Wang et al., 2008). Consequently, a subsequent 
biological treatment is commonly installed to remove these biodegradable compounds, 
P. PUSPITA     Page 12     July 2012 
leading to significantly lower energy requirements and costs than if the oxidation process 
alone were used. 
  
When recycling water, water authorities put the highest priority on protecting the health of 
both the public and the environment (NWQMS, 2006). While the reduction of microbial 
hazards can be easily achieved through effective disinfection, the potential health risks 
associated with the formation of hazardous by-products is a growing issue. Undesirable by-
products may form during reactions between disinfectants and organic compounds. While a 
great deal of research has been on the formation of carbonaceous disinfection by-products 
(DBPs) (e.g., trihalomethanes and halocacetic acids) for drinking water, more recent studies 
have shifted the focus towards nitrogenous DBPs due to their increasing detection and higher 
toxicity (Choi and Valentine, 2002; Krasner et al., 2006; Muellner et al., 2006). Furthermore, 
the organics in the WWTP effluent are rich in organic nitrogen, an important precursor for the 
nitrogenous DBPs. With the increasing trend towards water recycling and indirect potable 
reuse, the impact of WWTP effluents on the fate and occurrence of DBPs in DWTPs is 
becoming a hot research topic.  
 
This study builds around the potential applications of AOPs for the removal of colour from 
secondary effluent. Hence, the objectives of this work are:  
• To investigate and compare the application of UV-based and ozone-based AOPs for 
the decolourisation of the secondary effluent to allow its recycling  
• To assess the impact of these treatments on the various organic properties, 
biodegradability, oxidation by-products and ecotoxicity, as well as to describe the 
kinetics    
• To investigate the formation potential of DBPs following these treatments and 
subsequent biodegradation.  
 
The following chapter (Chapter 2) provides a review of the current literature on effluent 
organic matter and discussion on recycled water schemes, followed by a discussion on the 
available UV-based and ozone-based technologies as well as the risks of disinfection by-
products formation. Chapter 3 describes the materials and methods involved throughout this 
research. In Chapter 4, investigation of the use of UV-based treatments and their impact on 
the properties of the EfOM are discussed. Chapter 5 investigates the applicability of ozone-
based treatments by subjecting the effluent to different conditions of ozonation: various inlet 
ozone concentrations, pH and the addition of hydrogen peroxide at various concentrations and 
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discusses their subsequent impact on the organic properties as well as the performance 
efficiency. Chapter 6 is divided into two sections, the first part provides a comparison of 
sequential treatments involving UV and ozone-based treatments to enhance the performance 
of these processes, and the second part section studies the formation of hydroxyl radical (HO•) 
in the UV and ozone-based systems using a probe compound, para-Chlorobenzoic acid 
(pCBA). Chapter 7 provides a comparison of the best performing treatments investigated in 
Chapter 4 to 6 to achieve the colour target and the effect on the potential formation of by-
products, including the disinfection by-products. Lastly, the conclusions and 
recommendations based on the results of this study are described in Chapter 8. 
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Chapter 2- Literature Review 
 
In this chapter, the process at wastewater treatment plants which produce secondary effluent 
is outlined. The different classes of recycled water produced from secondary effluent are 
summarised, followed by discussion of their characteristics. The application of advanced 
oxidation processes for the treatment of secondary effluent is then discussed in terms of UV-
based and ozone-based treatments. Lastly, the formation of several groups of disinfection by-
products in water treatment is discussed.  
2.1 Typical processes at a Wastewater Treatment Plant (WWTP) 
The purpose of wastewater treatment is to remove contaminants and to polish the quality prior 
to its discharge to the environment (hence protecting the quality of freshwater resources) and 
also increasing the potential for beneficial re-use. With the ever increasing population, 
wastewater reclamation is one of the most effective ways to replenish limited freshwater 
supply. Therefore, a closer look at the processes involved in the wastewater treatment and the 
characteristics of effluent organic matter is essential. 
 
Generally, wastewater treatment plants collect wastewater or sewage from the local 
municipality which has both domestic and industrial effluent sources and so contains a wide 
range of pollutants. In the conventional wastewater treatment plant, physical, chemical and 
biological means of treatment are employed. The typical conventional treatment process 
usually comprises four stages: preliminary, primary, secondary and tertiary or advanced 
treatment (Figure 2-1) (Henze, 2008).  
 
 
Figure 2-1: Typical processes at conventional wastewater treatment plants (WWTPs) 
employing activated sludge which produce secondary effluent (Stuetz, 2009) 
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2.1.1 Preliminary and Primary treatemnt 
Upon entering the plant, the wastewater stream undergoes initial screening to remove large, 
settleable objects, grit and coarse solids (> 0.01 mm), this takes place in the preliminary 
screens and grit chambers. The main objectives of this step are to protect the wastewater 
transport devices (pumps and piping), the subsequent treatment units and the receiving bodies 
(Von Sperling, 2007). The subsequent primary treatment further removes the bulk of the 
organic and inorganic settleable suspended solids (as well as some biochemical oxygen 
demand (BOD) via aeration if used) and sedimentation tanks. The treatment removes up to 
33% BOD and 60% suspended solids (Melbourne Water, 2003). The solids are then allowed 
to settle at the bottom of the tanks forming the primary sludge.  
 
2.1.2 Secondary Treatment 
The settled wastewater then flows to the secondary treatment to remove the organic matter. 
While preliminary and primary treatments are mainly physical processes, the secondary 
process employs microorganisms for biological degradation (e.g., activated sludge, lagoon 
system, stabilisation ponds and biofilms) to achieve substantial removal of the biodegradable 
content of the wastewater (Von Sperling, 2007; Stuetz, 2009). A great variety of 
microorganisms take part in the process: bacteria, protozoa, fungi and others, where the 
organic matter acts as a source of food (Von Sperling, 2007). Microbial breakdown achieves 
up to 90% removal of BOD (Melbourne Water, 2003). Subsequently, the effluent is passed to 
a clarifier to settle out the sludge to produce the clarified effluent, the secondary effluent.  
 
2.1.3 Tertiary Treatment 
In addition to the above process, tertiary or advanced treatment may be employed to achieve a 
higher quality effluent, where almost all of the remaining organic matter (which cannot be 
removed by secondary effluent) is removed. The purpose of this is to reduce the impact upon 
discharge by reducing: the colour and odour, the level of remaining nutrient (nitrogen and 
phosphorus), the refractory matter (heavy metals and micropollutants), and the pathogen 
level; thus increasing the potential for recycling the water (Von Sperling, 2007; Henze, 2008). 
Depending on the desired quality of water to be produced, different technologies can be 
applied at this stage which may include: filtration, membrane processes, passage to natural 
systems, and addition of chemical coagulants (Henze, 2008). 
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2.1.4 Disinfection 
Upon release to the receiving body, such as ocean outfall and rivers, or for recycling 
purposes, final disinfection of treated sewage is employed to reduce the bacterial count, in 
particular the pathogenic organisms for the prevention of waterborne diseases (Henze, 2008). 
Most commonly used disinfection methods include chlorination, ozone and ultraviolet (UV) 
light. The formation of disinfection by-products has been a major drawback for water 
subjected to chlorination, chloramination, ozonation and treatment with chlorine dioxide 
through the reaction with the effluent organic matter, and they have been found to pose 
increasing concerns for human health (Simpson and Hayes, 1998; Singer, 1999; Richardson et 
al., 2007; Krasner et al., 2008; Bond et al., 2011). Alterations in the organic characteristics 
and structures during wastewater treatment may decrease or increase the concentrations of 
DBP precursors (Krasner et al., 2006). A more detailed discussion on the formation of DBPs 
and their characteristics is presented in section 2.4. 
2.2 Recycled wastewater and indirect potable reuse 
Even though the level of wastewater reuse is still relatively low in Australia, there is a 
growing trend and interest in wastewater reuse, particularly in dry and arid regions where the 
freshwater supply is limited. An essential resource for wastewater reuse is the treated effluent, 
for example, secondary effluent. According to Melbourne Water (2012), in 2009-10 about 
21% of the total sewage treated in Melbourne was supplied as recycled water. Examples of 
wastewater reuse applications are irrigation for agricultural crops and recreational parks, 
cooling water and groundwater recharge. A major risk associated with wastewater reuse is the 
potential impact of sewage-borne pathogens, especially in direct reuse.  
2.2.1 Classification of Recycled Water 
For the state of Victoria, a set of guidelines for the use of reclaimed water was specified by 
EPA Victoria (EPA, 2003). It listed the classes of recycled water, the water characteristics and 
quality as well as the intended use of the water. Principally, recycled or reclaimed water is 
classified into four classes (A to D) on the basis of: treatment processes, physico-chemical 
water quality, and levels of pathogen reduction (EPA, 2003). A summary of the 4 classes of 
recycled water with their corresponding quality objectives and range of uses is provided in 
Table 2-1. 
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Table 2-1: Classes of reclaimed water and corresponding standards (EPA, 2003) 
Class 
Water quality objectives 
(medians) 
Treatment processes 
Range of uses  
(include all lower class 
uses) 
A 
Indicative objectives 
 < 10 E.coli org/100 mL 
 Turbidity < 2 NTU 
 < 10 mg/L BOD 
 5 mg/L SS 
 pH 6-9 
 1 mg/L Cl2 residual (or 
equivalent disinfection 
 
Tertiary and pathogen 
reduction with sufficient 
log reductions to achieve: 
< 10 E.coli per 100 mL 
< 1 helminth per litre 
< 1 protozoa per 50 L 
< 1 virus per 50 litres 
 
Urban (non-potable) : 
with uncontrolled public 
access 
Agricultural: e.g., human 
food crops consumed raw 
Industrial: open systems 
with worker exposure 
potential 
 
B 
 < 100 E.coli org/100 mL 
 pH 6-9 
 < 20 mg/L BOD 
 < 30 mg/L SS 
Secondary and pathogen 
(including helminth 
reduction for cattle 
grazing) reduction 
Agricultural: e.g., dairy 
cattle grazing 
Industrial: e.g. washdown 
water 
 
C 
 < 1,000 E.coli org/100 mL 
 pH 6-9 
 < 20 mg/L BOD 
 < 30 mg/L SS 
 
 
 
Secondary and pathogen 
reduction (including 
helminth reduction for 
cattle grazing use 
schemes) 
 
Urban (non-potable) with 
controlled public access 
Agricultural: e.g., human 
food crops 
cooked/processed, 
grazing/fodder for 
livestock 
Industrial: systems with 
no potential worker 
exposure 
D 
 < 10,000 E.coli org/100 
mL 
 pH 6-9 
 < 20 mg/L BOD, 30 mg/L 
SS 
Secondary 
Agricultural: non-food 
crops including instant 
turf, woodlots, flowers 
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Class A reclaimed water has the highest quality of recycled water, it is produced from tertiary 
treatment and involves an additional pathogen reducing (disinfection) step process. It contains 
extremely low levels of potential pathogens and thus is suitable for non-potable uses such as 
garden irrigation and toilet flushing in residential properties. Currently this class of reclaimed 
water is not permitted for human drinking water or bathing.  
 
Class B recycled water is generated from secondary treatment with an additional pathogen 
reduction or disinfection step. If it complies with the standard, this water can be used for: 
livestock drinking water, irrigation, wash down water and those uses listed under Class C and 
D. 
 
In Australia, a national guideline for water recycling (Australian Guidelines for Water 
Recycling) has been developed as an authoritative reference for the supply, use and regulation 
of recycled water schemes, which also extends the to use of recycled water to augment 
drinking water supplies (NWQMS, 2006; NWQMS, 2008). In addition to the use of recycled 
water as mentioned above, treated sewage can also be use to augment drinking water supplies, 
also referred to as potable reuse, which can be further classified into indirect and direct 
augmentation. According to the guidelines, indirect augmentation includes the discharge of 
highly treated recycled water into a receiving body such as a river, stream, reservoir or aquifer 
prior to the downstream drinking water treatment plant where it allows the additional time, 
treatment and dilution for the treated sewage (NWQMS, 2008). In direct augmentation, the 
highly treated sewage enters the water system without going through an intermediary 
receiving body of water (NWQMS, 2008).  
 
Apart from the intentional use of recycled water, unintentional indirect wastewater re-use 
often occurs, defined as the indirect potable reuse. This scenario takes place when the effluent 
from a WWTP is discharged near or within the catchment area that may alter the quality of 
surface water and as a result contaminates the drinking water supplies (Krasner et al., 2009). 
This occurrence is expected to increase in the future as WWTPs discharge water into rivers or 
lakes that serve as downstream drinking water sources (Krasner et al., 2008).  
 
There are numerous risks associated with the introduction of WWTP effluents to the source 
water. Generally, the risks to human health and environmental health need to be assessed and 
managed (NWQMS, 2006). For human health, the main focus in on microbial hazards. There 
are also concerns regarding the presence of organic micropollutants such as pharmaceuticals 
P. PUSPITA     Page 19     July 2012 
and endocrine disruptors, and the organic matter present in WWTP effluent responsible for 
the formation of DBPs has been a growing concern. Depending on the disinfection technique 
used, e.g., chlorination, chloramination or ozonation, WWTP effluent contains both DBPs and 
DBP precursors which will continue to react in the downstream drinking water treatment 
plant. Due to the different properties and characteristics of the organic matter in the secondary 
effluent, the DBPs originating from it are different from some of the DBPs formed in drinking 
water treatment plants (Bougeard et al., 2009). The higher concentrations of ammonia and 
organic nitrogen compounds found in wastewater preferentially contribute to the formation of 
nitrogenous DBPs which have been found to be more toxic than the regulated carbonaceous 
DBPs and hence pose a greater health risk (Krasner et al., 2006; Muellner et al., 2006; 
Krasner, 2009).  
 
2.2.2 Effluent Organic Matter (EfOM) in secondary effluent 
For the reasons mentioned above, it is therefore important to understand the composition of 
the organic matter present in secondary effluent. The term effluent organic matter (EfOM) is 
used to define the mixture of natural organic matter (NOM), soluble microbial products 
(SMPs), and refractory organic chemicals in secondary effluent (Krasner et al., 2006; Shon et 
al., 2006).  Despite numerous studies of EfOM, unlike NOM from surface or ground water, it 
is still not well understood. This is due to the varied sources, e.g., domestic, industrial or 
agricultural, which lead to the complex and heterogeneous composition of organic substances 
in the treated effluent. A better understanding of the impact of these compounds on the 
formation of disinfection by-products will contribute to the determination and optimisation of 
suitable treatment processes to improve the quality of the treated wastewater.  
 
2.2.2.1 NOM and Humic substances 
NOM in the aquatic environment is derived from the original drinking water source, as it is 
present in all surface, ground and soil waters. It refers to all naturally occurring organic matter 
originating from the breakdown of plants and animals. It can be categorised as either 
allochthonous NOM, which originates from terrestrial plant sources or autochthonous, which 
originates from microbial activity such as from algae and bacteria in the water body 
(Thurman, 1985; Frimmel, 1998). NOM is highly complex, it comprises a range of 
compounds from largely aliphatic to aromatic, charged to uncharged, with various chemical 
compositions, functional groups (such as: phenolic, hydroxyl, carbonyl and carboxylic acid) 
and molecular sizes (Thurman, 1985; Leenheer and Croue, 2003). 
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In surface or ground water, NOM is predominantly derived from allochthonous sources, while 
the NOM in EfOM  is mainly of microbial origin (Nam et al., 2008). It consists of both 
hydrophobic and hydrophilic components, where the hydrophobic acids make up about 50% 
of the TOC (Thurman, 1985; Matilainen and Sillanpää, 2010). This hydrophobic group is 
mainly composed of humic substances which are reported to be responsible for colour in 
natural water. In wastewater, the refractory organic matter fraction in EfOM may be 
hydrophobic (Namour and Muller, 1998), or hydrophilic (Sirivedhin and Gray, 2005; Nam et 
al., 2008). The relative proportions of the fractions and formation of these refractory materials 
vary significantly depending on the type and condition of treatment.  
 
Hydrophobic NOM contains high concentrations of aromatic carbon, conjugated double 
bonds and phenolic structures; hydrophilic NOM is rich in aliphatic carbon and nitrogenous 
compounds, such as carbohydrates and proteins (Leenheer and Croue, 2003; Buchanan, 2005; 
Matilainen and Sillanpää, 2010; Uyguner-Demirel and Bekbolet, 2011). The hydrophobic 
component of the NOM is also known as humic substances, which are classically categorised 
based on their solubility into humic acids (HA), fulvic acids (FA) and humin (Thurman, 
1985). It is generally known that humic substances make up the largest proportion of NOM in 
water. Humic acid is the fraction that is not soluble under acidic conditions (pH<2), but 
becomes soluble at higher pH, fulvic acid is soluble at all pH values and humin is insoluble 
under any pH conditions (Thurman, 1985). Overall, these groups share the characteristics of 
being amorphous, brown or black in colour, acidic and polydisperse, and they have high to 
moderate molecular weight and are refractory to biodegradation (Frimmel, 1994; Hessen and 
Tranvik, 1998; Leenheer and Croue, 2003). They may be regarded as consisting of substituted 
aromatic rings linked together by aliphatic chains.  
 
The differences between humic and fulvic acid can be explained in terms of molecular weight, 
functional groups and degree of polymerisation which are associated with the carbon and 
oxygen contents, acidity and colour. Humic acids tend to have higher molecular weight 
(2000-5000 Da), and higher carbon content compared with the lower molecular weight fulvic 
acid (500-2000 Da) which has higher oxygen content (Leenheer and Croue, 2003). Due to 
their structure, humic acids exhibit a darker colour and thus contribute the colouring matter in 
water. Fulvic acids tend to be more aliphatic and contain a higher density of acidic functional 
groups (carboxyl) than humic acids (Stevenson, 1994; MacCarthy, 2001; Leenheer and Croue, 
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2003). A model structure for humic acid proposed by Stevenson (1994) is presented in Figure 
2-2, and a model for fulvic acid is given in Figure 2-3. 
 
A widely accepted concept to describe the structure of humic substances is the polymer 
model. It represents humic components of NOM as randomly coiled macromolecules that 
result from various chemical condensation and coupling reactions of smaller molecules, the 
structures of which change with pH and ionic strength (Stevenson, 1994; Leenheer and Croue, 
2003). In general, as the pH increases, the acidic functional groups become less protonated 
and generate negative charges which tend to repel one another, the degree of hydrogen-
bonding decreases, and the molecule begins to open, or uncoil (Stevenson, 1994; Sutton and 
Sposito, 2005; Uyguner-Demirel and Bekbolet, 2011). This view includes the concept of 
polydispersity where HS are made of polymers with different MWs, similar to those which 
occur in biopolymers such as proteins, polysaccharides and lignin. 
 
 
Figure 2-2: Polymer model structure of humic acid (Stevenson, 1994) 
 
 
 
Figure 2-3: Model structure of fulvic acid (Buffle et al., 1977)  
 
 
Based on a review of the information collected from spectroscopic, microscopic, pyrolysis 
and soft ionisation techniques, Piccolo (2001) found inconsistencies with the polymer model 
of humic substances described above. An alternative model was proposed in which humic 
substances are considered to have a supramolecular association, in which many relatively 
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small and chemically diverse organic molecules form aggregates linked by hydrogen bonds 
(H-bonds) and hydrophobic interactions (Piccolo, 2001; Sutton and Sposito, 2005).  
 
Even though NOM itself is usually not of direct concern in water, its presence and refractory 
nature affects the water treatment process and the water quality. Besides the aesthetic 
problems due to the colour and odour, it also increases the coagulant and disinfectant demand 
(Bekbolet et al., 2005). Furthermore, NOM increases the potential for microbial regrowth in 
the distribution system as well as providing precursor material for disinfection by-products as 
it reacts with various disinfectants (Camel and Bermond, 1998; Ito et al., 1998; von Gunten 
and Oliveras, 1998). 
 
2.2.2.2 Soluble microbial products (SMPs) 
In a biological wastewater treatment process, SMPs are produced by micro organisms during 
metabolism, biomass growth and decay (Barker and Stuckey, 1999). Some researchers found 
that the chemical components of SMPs consisted mainly of proteins, polysaccharides and 
organic colloids, which were identical to extracellular polymeric substances (Barker and 
Stuckey, 1999; Rosenberger et al., 2006; Jarusutthirak and Amy, 2007).  The SMPs were 
found to be the major membrane foulants during membrane filtration or in membrane 
bioreactors (Jarusutthirak and Amy, 2006; Rosenberger et al., 2006). The composition of the 
SMPs is influenced by a number of factors: retention time, organic loading rate, solids 
retention time, substrate type, pH condition, temperature and nutrient deficiency (Barker and 
Stuckey, 1999).  
 
SMPs can be classified into two categories based on the phase from which they are derived: 
the utilisation-associated products (UAP) produced directly during microbial growth and 
metabolism, and the biomass-associated products (BAP) derived from the biomass as a part of 
decay (Barker and Stuckey, 1999). Ross et al. (1998) reported that SMPs produced by 
microorganisms in biological treatment of wastewater have potential ecotoxicity. There is 
increasing concern regarding the toxicity of SMPs due to the inhibition of nitrification during 
wastewater treatment (Shon et al., 2006). 
 
2.2.2.3 Carbohydrates and proteins (biopolymers) 
The biopolymers (carbohydrates, amino sugars and proteins) are characterised by a very high 
molecular mass of 10,000-30,000 Da, are hydrophilic and are usually not UV-absorbing 
(Huber et al., 2003). Wastewater containing high levels of carbohydrates usually originates 
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from the fermentation and distillery industries and includes sugars, starches, cellulose and 
wood fibre (Shon et al., 2006). Generally, carbohydrates provide a carbon source to micro- 
and macro-organisms, except in the case of lignin which is less degradable (Dignac et al., 
2000). Thus they have an important role in the biological treatment process. An example of 
recalcitrant compounds in wastewater released from distilleries and fermentation industries is 
melanoidins, these are highly resistant to microbial attack and conventional biological 
treatment processes (Evershed et al., 1997; Dignac et al., 2000; Dwyer et al., 2008). Chandra 
et al. (2008) provide a comprehensive review on the structures and strategies for the 
degradation of melanoidins.  
 
Proteins and amino acids are the building blocks of living organisms, have complex chemical 
structures and are highly unstable, and so decompose into many different forms (Shon et al., 
2006). During biological treatment, they are the main source of carbon and nitrogen for the 
bacteria. Furthermore, the high organic nitrogen content of proteins is a precursor of 
nitrogenous DBPs, which, as noted earlier, pose a high health risk and are of increasing 
concern. Biopolymers have also been associated with reduction of the membrane performance 
during membrane filtration processes (Jarusutthirak and Amy, 2006; Rosenberger et al., 2006; 
Shon et al., 2006).  
 
2.2.2.4 Endocrine disrupting compounds (EDCs) and pharmaceuticals and 
personal care products (PPCPs) 
The presence of pharmaceuticals and steroids in secondary effluent gained significant 
attention in the 1990s. Despite the low concentrations reported, they have been linked to 
negative reproductive impacts in fish living downstream of outfalls (Halling-Sørensen et al., 
1998). Since then the detection of these contaminants in trace levels (nanograms per litre) has 
been reported in various surface and groundwaters around the world as the result of human 
activities. A major contribution is through WWTP effluent discharge impacting the surface 
water quality as these chemicals are not completely removed by the current wastewater 
treatment processes (Snyder et al., 2003; Snyder et al., 2005).  
 
Endocrine disrupting compounds (EDCs) have been defined by the USEPA as “exogenous 
agents that interfere with the synthesis, secretion, transport, binding, action, or elimination of 
natural hormones in the body that are responsible for the maintenance of homeostasis, 
reproduction, development, and/or behaviour“ (cited by Snyder et al., 2003). They have been 
linked to a variety of adverse effects in both humans and animals including hormone-
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dependent cancers, reproductive tract disorders, and reduction in reproductive fitness (Snyder 
et al., 2003). Removal of EDCs can be achieved through physical removal, biodegradation 
and chemical oxidation (Liu et al., 2009). A review on the removal mechanisms of EDCs in 
wastewater treatment can be found in Liu et al. (2009).  
 
The increasing use of pharmaceuticals and personal care products (PPCPs) containing 
bioactive ingredients has led to their detection in trace concentrations in aquatic environments 
(Snyder et al., 2003). They include not just prescription drugs but also fragrances, sunscreen 
agents and others (Daughton and Ternes, 1999). Daughton and Ternes (1999) prepared an 
extensive review on the occurrence and fate of these compounds in the environment.  
 
The majority of EDCs and PPCPs are more polar than traditional contaminants and several 
have acidic or basic functional groups (Shon et al., 2006). These properties, coupled with 
occurrence at trace levels, create unique challenges for both removal processes and analytical 
detection (Snyder et al., 2005). Moreover, with the increasing use of these compounds in the 
domestic and industrial sectors combined with the increasing sensitivity of analytical 
instrumentation, more of these compounds will be detectable in WWTP effluents (Shon et al., 
2006). Table 2-2 lists the common classes of emerging contaminants (adapted from Shon et 
al., 2006). 
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Table 2-2: Common classes of emerging contaminants found in WWTP effluents, 
adapted from Shon et al. (2006) 
Compound class Examples 
Pharmaceuticals 
Veterinary and human antibiotics Trimethoprim, erythromycin 
Analgesics and anti-inflammatory drugs Codeine, ibuprofen, acetaminophen, 
acetylsalicylic acid, diclofenac, fenoprofen 
Psychiatric drugs Diazepam 
Lipid regulators Bezafibrate, clofibric acid, fenofibric acid 
Beta-blockers Metoprolol, propranolol, timolol 
Steroids and hormones (contraceptives) Estradiol, estrone, estriol, diethylstilbestrol 
Personal care products 
Fragrances Nitro, polycyclic and macrocyclic musks 
Sunscreen agents Benzophenone, methylbenzylidene camphor 
Insect repellents N,N-Dimethyltoluamide (DEET) 
Antiseptics Triclosan, chlorophene 
Other emerging contaminants 
Surfactants and surfactant metabolites Alkylphenol ethoxylates, alkylphenols 
(nonylphenol and octylphenol), alkylphenol 
carboxylates  
Flame retardants Polybrominated diphenyl ethers (PBDEs), 
tetrabromo bisphenol A 
Industrial additives and agents Chelating agents (EDTA), aromatic sulfonates 
Gasoline additives Dialkyl ethers, methyl-4-butyl ether (MTBE) 
Disinfection by-products Iodo-THMs, bromoacids, bromoacetonitriles, 
bromoaldehydes, cyanoformaldehyde, bromate, 
N-Nitrosodimethylamine 
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2.3 Advanced Oxidation Processes for the treatment of secondary effluent 
 
The aim of advanced oxidation processes (AOPs) is to produce radicals, such as the highly 
reactive, non-selective and short lived hydroxyl radical (HO•) in water; it is the most powerful 
oxidising species after fluorine (Table 2-3). The reaction rate constants between HO• and 
organic species are reported to be in the range of 108-1010/Ms (Buxton et al., 1988).  One of 
the appealing aspects of AOPs is the possibility of achieving complete mineralisation of 
organic pollutants using technology that operates at ambient temperature and pressure 
(Matilainen and Sillanpää, 2010). Upon the generation of the radicals, a series of reactions 
takes place resulting in complex mechanisms. Hence it is very difficult to predict all of the 
products of an oxidation, as many factors can affect the radical concentration such as: pH, 
temperature, presence of ions, type of pollutants and the presence of scavengers (Matilainen 
and Sillanpää, 2010).  
 
Table 2-3: Oxidation potential of common species (Parsons, 2004) 
Species Oxidation  
Potential, Eo (V) 
Fluorine 3.03 
Hydroxyl radical 2.80 
Atomic oxygen 2.42 
Ozone 2.07 
Hydrogen peroxide  1.78 
Perhydroxyl radical 1.70 
Permanganate 1.68 
Hypobromous acid 1.59 
Chlorine dioxide 1.57 
Hypochlorous acid 1.49 
Chlorine 1.36 
 
 
There are numerous ways possible for the production of hydroxyl radicals. In water and 
wastewater treatment applications it usually involves the various combinations of UV-light, 
ozone and H2O2.  
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The main advantages of AOPs over the other technologies are that they are not specific to any 
one contaminant, they offer the ability to permanently eliminate the pollutant instead of 
transferring it from water to another phase (such as in the case of activated carbon), and it 
does not end up as sludge or a concentrated stream that has to be dealt with further (such in 
the case of coagulation and membrane filtration). However, the application of AOPs may be 
limited by the presence of scavenging species (e.g., carbonate and bicarbonate) as well as the 
potential generation of more toxic oxidation by-products (Andreozzi et al., 1999; Matilainen 
and Sillanpää, 2010; Sarathy and Mohseni, 2010).  
 
Complete mineralisation of the pollutant is usually not feasible during AOPs due to the high 
consumption of energy and oxidant. Under these circumstances, these technologies are useful 
as either a pre-treatment, to transform recalcitrant pollutants to more biodegradable 
compounds or as a post treatment, to polish the water prior to discharge or reuse. 
 
2.3.1 UV-based treatments 
The high-energy end of the light spectrum comprises wavelengths from 100 nm (x-rays) to 
400 nm (visible light).  The UV range is divided into four regions: UV-A (400-315 nm), UV-
B (315-280 nm), UV-C (280-200 nm) and VUV (200-100 nm, vacuum ultraviolet light) 
(Phillips, 1983; Oppenländer, 2007). The most common sources of UV light are low pressure 
(LP) mercury vapour lamps, medium pressure (MP) mercury vapour lamps and pulsed xenon 
arc lamps. 
 
In AOPs, degradation of organic compounds can occur through direct photolysis, although 
AOPs mainly rely on photo-initiated oxidations (also commonly referred as indirect 
photolysis). During direct photolysis, absorption of UV light by the targeted compounds 
transforms them to an excited state, which initiates a series of reactions with the other reactive 
compounds and eventually leads to degradation (Legrini et al., 1993; Oppenländer, 2007). 
These photo-initiated oxidations occur when the pollutant reacts with a reactive species 
(usually a radical) which is formed from an electronically excited auxiliary oxidant, such as 
H2O2 and/or O3 (Oppenländer, 2007). 
 
UV photolysis has been used widely as an alternative to chemical disinfection by 
conventional chlorination to avoid the production of harmful disinfection by-products 
(DBPs). However, the use of UV disinfection cannot be a substitute for the chlorine-based 
method in the distribution system as it does not provide residual disinfection. Various 
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investigations on the effect of UV irradiation on NOM have been conducted (e.g. Frimmel, 
1994; Thomson et al., 2002; Buchanan, 2005). The application of UV direct photolysis 
requires the chromophores of NOM to absorb photons of light and undergo degradation from 
the excited state through a series of photochemical processes including the breaking of bonds, 
modification of functional groups and structural changes that cause intermolecular 
interactions (Frimmel, 1994; Stefan, 2004).  This generally results in low efficiency of the 
process, especially for low absorbing and low concentration pollutants, and thus has limited 
applications. Several varieties of UV-based AOPs have been studied and applied for the 
removal of various organic pollutants: UV/H2O2, UV/O3 photocatalysed (UV/TiO2) and 
photo-Fenton reactions.  
 
A useful tool for measuring the electrical efficiency of the UV-based processes is electrical 
energy per order, EEO (kWh/order m3) developed by Bolton et al. (2001). It is defined as the 
electrical energy in kWh required to reduce the concentration of a pollutant by one order of 
magnitude in 1000 L of water, and can be calculated by Equation 2-1: 
 
t
i
c
clog x 60 x V
1000 x t x PEE/O =    Equation 2-1 
 
Where P (kW) is the power of the lamp, t is the time (min), V is the irradiated volume (L), Ci 
and Cf are the initial and final pollutant concentrations. An EE/O value of 10 kW h/kL is 
considered to be an economically viable process (Goslan et al., 2006). However, these values 
have shortcomings since they are calculated using limited variables, and do not take into 
account the other cost factors (chemicals, operation/maintenance, capital, etc.), but they do 
offer a simple and standardised basis for direct comparison of different treatment processes 
(Bolton et al., 2001; Goslan et al., 2006).   
 
2.3.1.1 UV/H2O2 process 
Hydrogen peroxide on its own is a weak acid, a powerful oxidant and an unstable compound 
that dissociates at its pKa value (Legrini et al., 1993): 
 
H2O2 ↔ HO2- + H+   pKa = 11.6   Equation 2-2 
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It has been used in the removal of low levels of pollutants from wastewater as well as for 
disinfection. Photolysis of hydrogen peroxide leads to the generation of HO• through cleavage 
of the O-O bond, with a relatively low quantum yield of 0.5 (Equation 2-3) (Legrini et al., 
1993; Tuhkanen, 2004; Oppenländer, 2007).  
 
H2O2 + hv  2 HO•     Equation 2-3  
 
The mechanism for the reactions of hydroxyl radicals generated in the presence of organic 
substrate can be divided into three mechanisms: (i) by hydrogen (H-atoms) abstractions, 
which yields carbon-centered radicals (Equation 2-4), (ii) electrophilic addition, by the 
addition of HO• to double bonds (Equation 2-5), and (iii) electron transfer, where HO• gets an 
electron from an organic substituent (Equation 2-6) (Legrini et al., 1993).  
 
HO• + RH  R• + H2O   Equation 2-4 
   Equation 2-5 
 
HO• + RX  HO- + RX•+     Equation 2-6 
 
The sequence and multiple pathways of reactions occurring during the UV/H2O2 process for 
the oxidation of organic substrates as proposed by Legrini et al. (1993)  is shown in Figure 
2-4. 
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Figure 2-4: Reaction systems for UV/H2O2 process for the oxidation of organic 
substrates (Legrini et al., 1993) 
 
This process is usually performed with LP or MP UV lamps. At 254 nm, the molar extinction 
coefficient of H2O2 is very low, hence there is a requirement for a high concentration of H2O2 
to generate a sufficient level of hydroxyl radicals (Tuhkanen, 2004). However, at high 
concentrations, H2O2 can act as a scavenger for the radicals, reducing the process efficiency. 
Reactions between hydrogen peroxide and hydroxyl radicals yield hydroperoxyl radicals 
(HO2•), which are much less reactive (Equation 2-7) (Legrini et al., 1993; Litter, 2005). 
Furthermore these radicals are prone to recombination, regenerating H2O2 (Equation 2-8) 
(Litter, 2005). 
HO• + H2O2   HO2•+ H2O    Equation 2-7 
HO• + HO•  H2O2    Equation 2-8 
 
Under alkaline conditions, the hydrogen peroxide deprotonates, favouring the formation of the 
conjugate anion of hydrogen peroxide (HO2-) according to Equation 2-2. This species has a 
significantly higher absorption coefficient than H2O2, resulting in increasing HO• 
concentrations (Oppenländer, 2007). On the other hand, high pH conditions are usually 
avoided due to the scavenging of hydroxyl radicals, predominantly by carbonate and 
bicarbonate ions (Equation 2-9 and 2-10). When targeting certain pollutants, high 
concentrations of NOM can act as a major sink for HO due to its high reactivity towards these 
compounds (kOH,NOM=2-3.2x108/Ms) (Westerhoff et al., 1999) 
 
HO• + HCO3-  CO3•- - +H2O kOH, M= 8.5x106 L/mol.s Equation 2-9 
HO•+ CO32-  CO3•- +HO-  kOH, M= 3.9x108 L/mol.s Equation 2-10 
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This applies not only in the case of UV/H2O2 but to all oxidative degradation processes 
relying on the reactivity of hydroxyl radicals. The advantages of  UV/H2O2 processes include 
the commercial availability of the oxidant, thermal stability and storage on site, infinite 
solubility in water, no mass transfer problems associated with gases (as in the case of ozone), 
minimal capital investment, very cost effective source of HO•, and simple operation 
procedures (Legrini et al., 1993; Litter, 2005). 
 
Studies have shown that colour and DOC can be readily removed using this system (Beltrán 
et al., 1997; Wang et al., 2001b; Wert et al., 2007; Dwyer et al., 2008). Application of 
UV/H2O2 to treat municipal wastewater effluent showed that the addition of H2O2 at a dose of 
44 mg/L accelerates the removal of persistent colour and that the coloured material in the 
wastewater was associated with humic substances (Park et al., 2001; Wang et al., 2001a; Ahn 
et al., 2005). This process has also found successful application in the treatment and 
decolourisation of textile wastewater and dyebath effluent, e.g., Arslan and Bacioglu (2001), 
Shu et al. (2004), Peternel et al. (2006), Daneshvar et al. (2005). 
 
Disadvantages of the process include high energy requirements associated with operating the 
reactors at high UV doses, and the need to store and add H2O2 to the water before UV 
irradiation at relatively high concentrations (2 – 10 mg/L) to initiate effective AOP conditions 
(Andreozzi et al., 1999; Crittenden et al., 1999). Another drawback to the process is due to the 
fact that typically only a small portion of the added H2O2 will degrade to ΗΟ• radicals during 
the process, leaving 80 – 90% of the added H2O2 in the outlet stream (Rosenfeldt and Linden, 
2007). Processes including chemical quenching (with free chlorine, bisulfite, or enzymatic 
catalysts) and decomposition by GAC or biologically active media filters are needed to 
remove the excess H2O2 before disinfection processes (Rosenfeldt and Linden, 2007).  
 
Integrating UV/H2O2 with a downstream biological process has been seen as a promising 
alternative as the biodegradable intermediates resulting from the partial oxidation of NOM 
can be subsequently removed. The combined treatment allows the reduction of chlorine 
dosage and diminishes bacterial re-growth in the distribution system (Toor and Mohseni, 
2007). Sarathy and Mohseni (2007) reported that following UV/H2O2 treatment, NOM was 
not mineralised but was partially oxidised resulting in significant reduction in aromaticity. 
The HO• preferentially reacts with higher MW NOM leading to the fragmentation of these 
compounds to form smaller MW compounds (Thomson et al., 2004a). When UV/H2O2 
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coupled with downstream biologically activated carbon (BAC) was used to treat raw surface 
water for the reduction of THM and HAA precursors (Toor and Mohseni, 2007), it was 
observed that UV/H2O2 was only effective at reducing the DBPs at a UV dose >1000 mJ/cm2 
and initial H2O2 concentrations >23 mg/L. The combination of AOP-BAC treatment resulted 
in significant improvement for the reductions of total DBP formation potentials (DBPFPs), 
TOC and A254..   
 
Dwyer and Lant (2008) found that UV/H2O2 alone gave limited mineralisation of the DOC 
and DON associated with melanoidin. However, the combination of UV/H2O2 with biological 
oxidation was able to achieve 86% overall removal. Small molecular weight compounds (< 1 
kDa) were identified as the major end-products of UV/H2O2 irradiation of melanoidin, and 
these were readily biodegradable.  
 
2.3.1.2 Vacuum UV oxidation (VUV) process 
Unlike the UV/H2O2 process, the VUV oxidation of organic substrates does not require the 
addition of an oxidant to generate hydroxyl radicals. The reaction is initiated by the 
photochemical homolysis of water under radiation at 185 nm. It leads to the in-situ production 
of hydrogen atoms and hydroxyl radicals as the primary species (Heit et al., 1998).  
H2O+ hv (185 nm)  HO• + H•     Equation 2-11 
H2O + hv (185 nm)  HO• + H+  + e-   Equation 2-12 
 
VUV lamps are produced from the xenon excimer lamp emitting at 172 nm or the LP mercury 
lamp fabricated using a high purity quartz envelope (SUPRASIL®), allowing the 185 nm 
component to penetrate with a relative radiant power efficiency of about 10-15% compared 
with the 254 nm emission (Gonzalez et al., 2004; Oppenländer, 2007). This technology is 
employed for the degradation of pollutants in wastewater and in currents of air with high 
humidity content, for ultrapure water production, and for treating oxidisable compounds that 
are difficult to treat, e.g., chlorinated and fluorinated hydrocarbons (Legrini et al., 1993; 
Gonzalez et al., 2004; Litter, 2005). 
 
Thomson et al. (2004b) and Buchanan et al. (2004) studied the removal of NOM from water 
using LP lamps and found that VUV irradiation offered 5-6 times greater NOM removal 
efficiency compared with UVC irradiation. The addition of H2O2 to the UV/VUV system has 
also been reported to increase the rate of NOM degradation. The VUV process was shown to 
be much more effective than the UV and UV/H2O2 processes (Thomson et al., 2004b; 
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Imoberdorf and Mohseni, 2011). Furthermore, Buchanan et al. (2008) observed the fast 
formation of biodegradable compounds during irradiation with VUV, where a significant 
reduction of organic matter was achieved by employing biological activated carbon following 
VUV irradiation. This removal was accompanied by reductions in the THM and HAA 
formation potentials. Although this process has been the subject of various studies in drinking 
water application, the use of VUV irradiation for the treatment of wastewater, typically 
secondary effluent, has not been reported.  
 
2.3.1.3 Photo-Fenton process 
The production of hydroxyl radicals can also be achieved by the classic Fenton reaction, 
without photolytic initiation (dark process, Equation 2-13) or by the photo-assisted Fenton 
reaction, which involves the regeneration of ferrous ions via photoreduction of ferric ions 
(Oppenländer, 2007). The dark Fenton process does not generally lead to mineralisation, the 
regeneration of Fe2+ is slow, and scavenging of HO• occurs in the presence of excess H2O2 
(Gogate and Pandit, 2004; Litter, 2005).  
Fe2+ + H2O2  Fe3+ + HO- + HO•   Equation 2-13 
 
On the other hand, photo-Fenton processes rely on the production of hydroxyl radicals via the 
irradiation (180-400 nm) of Fe (III) complexes in water (Equation 2-14) in addition to the 
Fenton reactions (Equation 2-13). 
 
Fe3+ + H2O + hv Fe2+ + H+ + HO•   Equation 2-14 
 
In theory, the combination of the above reactions produces two moles of HO• per mole of 
H2O2 consumed (Wadley and Waite, 2004). The optimum operating pH has been observed to 
be pH 3 and decreases with increasing pH (Gogate and Pandit, 2004; Wadley and Waite, 
2004). This process can be applied as a physicochemical pre-treatment to transform 
biorecalcitrant pollutants or as a complete treatment leading to mineralisation. A few benefits 
of this process include the abundance of Fe2+ and its non-toxicity, low requirement of iron 
addition (<5 ppm) and rather simple design of the reactor (Andreozzi et al., 1999; Litter, 
2005). Generally, compared with the different technologies, photo-Fenton processes tend to 
be more efficient and less expensive to build and operate since they require relatively 
inexpensive and easily transported chemicals (iron salts and hydrogen peroxide) (Andreozzi et 
al., 1999). However, industrial applications are still limited by the fact that pH control and 
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adjustments are usually required during and before treatment, which then leads to sludge 
formation which requires appropriate disposal (Andreozzi et al., 1999; Wadley and Waite, 
2004).  
 
A practical application of Fenton and photo-Fenton processes investigated by Murray and 
Parsons (2004) for the removal of NOM from organic-rich waters before disinfection by 
chlorine for drinking water reported more than 90% TOC removal under optimum conditions. 
This removal led to the reduction of THMFP from 140 to 10 μg/L, well below the regulated 
standards. Sanly et al. (2007) investigated the treatment of water containing humic acid using 
the photo-Fenton process (UVA/Fe(III)), where it was found to enhance the degradation of 
HA in comparison with the UVA/H2O2 process. More than 80% DOC and 90% A254 was 
removed. The performance depends strongly on the molar ratio of H2O2 to Fe being < 10. 
However, the presence of iron may have led to an increase in THMFP (Sanly et al., 2007). 
Goslan et al. (2006) found that among UV photolysis, UV/H2O2 and Fenton process, the 
photo-Fenton process was the most effective for the reduction of NOM measured as A254 and 
DOC in reservoir water at pH range 3-7.  
 
2.3.1.4 Photocatalysis (UV/TiO2) 
Photocatalysis involves the use of a semiconductor (e.g., TiO2, ZnO, ZnS) in the presence of 
water for the generation of hydroxyl radicals under UV irradiation (Egerton and Christensen, 
2004; Gogate and Pandit, 2004). The most commonly used catalyst is titanium dioxide (TiO2) 
due to its high photocatalytic activity, and chemically and biologically inert properties 
(Legrini et al., 1993; Gogate and Pandit, 2004). During UV irradiation of TiO2, electrons are 
raised to the excited stage in the presence of oxygen leading to the creation of highly 
oxidative holes and the formation of radicals, in particular HO• (Hoffmann et al., 1995; 
Egerton and Christensen, 2004; Matilainen and Sillanpää, 2010). Besides the benefits of 
having the HO•, the organics are also degraded by the holes created on the TiO2 surface 
(Hoffmann et al., 1995; Egerton and Christensen, 2004; Matilainen and Sillanpää, 2010).  
 
This oxidation process has been studied for NOM degradation (Wiszniowski et al., 2002; 
Huang et al., 2008; Liu et al., 2008a), and particularly for the removal of DBPs and their 
precursors (Liu et al., 2008b; Gerrity et al., 2009). The degradation occurred through three 
ways: oxidation by HO•, reductive dechlorination by superoxide radicals and physical 
adsorption by TiO2 (Hoffmann et al., 1995; Wiszniowski et al., 2002; Gerrity et al., 2009). It 
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was reported that photocatalytic degradation of NOM was largely attributed to adsorption of 
the carboxylate surface groups onto TiO2 (Wiszniowski et al., 2002). Liu et al. (2008a) 
examined the photocatalytic removal of humic acid (UVA/TiO2) and concluded that the 
hydrophobic fraction was preferentially adsorbed, releasing the hydrophilic intermediate 
oxidation products. The process was found to be effective for decreasing the THMFP with 
sufficient irradiation time. 
 
 The combination of photocatalytic process with ozonation has been examined by several 
researchers, where a synergistic effect was observed (Agustina et al., 2005; Farré et al., 2005; 
Zou and Zhu, 2008). Zou and Zhu (2008) compared UV/O3, UV/TiO2 and UV/TiO2/O3 for 
the removal of colour and trace organics in WWTP effluent. They reported that the 
combination system increased the efficiency of mineralisation of the organics by almost 50% 
compared with processes utilising ozone as pre-treatment. Other studies have reported the 
capability of photocatalytic treatments to minimise the formation of disinfection by-products 
(Uyguner and Bekbolet, 2005; Liu et al., 2008b; Uyguner-Demirel and Bekbolet, 2011). One 
major limitation of the practical application of photocatalysis at full scale is the requirement 
for separation of the TiO2 slurry from the water stream which can be a time-consuming, 
expensive and inconvenient process (Gogate and Pandit, 2004).  
 
2.3.2 Ozone-based treatments 
Ozone has long been used for disinfection of drinking water, odour treatment as well as the 
removal of colour caused by humic substances (Alvares et al., 2001; Matilainen and 
Sillanpää, 2010). It is a powerful oxidising agent (Eo= 2.07 V, Table 2-3) that reacts rapidly 
with most compounds having multiple bonds (e.g., C=C, C=N, N=N), but not with single 
bonds or aliphatic compounds (Gogate and Pandit, 2004). it’s the high reactivity of ozone is 
due to the structure of the molecule which can be represented by a hybrid formed by four 
possible structures (Figure 2-5) (Beltrán, 2003). The electronic configuration of the ozone 
molecule results in the electrophilic (due to the absence of electrons in one of the terminal 
oxygen atoms) and nucleophilic (due to the excess negative charge present in some other 
oxygen atom) character of ozone (Beltrán, 2003). 
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Figure 2-5: Resonance structures of the ozone molecule (Beltrán, 2003) 
 
Due to its instability, ozone gas needs to be produced on-site. Moreover, ozone has a low 
solubility in water and for ozone to react with the target substance in aqueous solution, 
sufficiently high  concentrations of ozone need to be transferred from the gaseous phase into 
the water (Alvares et al., 2001). Consequently, good mass transfer is vital for an effective 
treatment. Various contactors have been trialled to transfer the ozone gas such as counter 
current bubble columns, packed and plate columns, static mixers, agitated vessels and jet 
reactors (Alvares et al., 2001; Gogate and Pandit, 2004; Gottschalk et al., 2010). Generally the 
ozone transfer efficiency is optimised by increasing the area of contact (reducing bubble size), 
increasing gas flow rate, increasing contact time between gas and effluent and employing a 
recirculation loop with high recycle ratio (Alvares et al., 2001; Gogate and Pandit, 2004). 
 
Hoigné and Bader (1976) carried out extensive research on the chain reaction mechanism of 
aqueous ozone. Briefly, ozone can react with the organic load present in the wastewater by 
two possible mechanisms (Figure 2-6):  
• Direct reaction with ozone molecule. This reaction is highly selective, slow and 
reactive, involving substrates of high electronic density, with ozone selectively 
attacking the unsaturated electron-rich bonds contained in specific functional groups, 
e.g., aromatics, olefins and amines 
• Indirect reaction via HO• produced during ozone decomposition initiated by OH-, this 
reaction is much faster than the previous one. Furthermore, the radicals are much 
stronger oxidants compared with ozone. 
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Figure 2-6: Reaction pathways of ozone in aqueous solution, M denotes the compound 
involved in the reaction (Hoigné and Bader, 1976) 
 
 
The two pathways lead to different oxidation products and are governed by different types of 
kinetics. In practice, both pathways occur simultaneously. Depending on various factors, such 
as temperature, pH, and chemical composition of the water, one type of reaction pathway will 
dominate. The following order of reactivity toward ozone can be used as a rule of thumb for 
the various target compound groups (Gottschalk et al., 2010): 
• Unsaturated aliphatic >aromatic ring> saturated aliphatic 
• Electron detracting substitute > non substituted > electron supplying substitutes 
• Dissociated > Undissociated 
 
Direct oxidation by ozone is a selective reaction. The ozone molecule undergoes cyclo-
addition with the unsaturated bond due to its dipolar structure and leads to splitting of the 
bond, which is known as the Criegee mechanism (Gottschalk et al., 2010). Ozone also reacts 
rapidly with aromatic compounds that have a high electronic density through electrophilic 
reactions causing the loss of a side-chain substituent and opening of the aromatic ring 
structure (Langlais et al., 1991; Meunier et al., 2006). Direct ozonation becomes important if 
the radical reactions are inhibited due to the absence of initiators or presence of scavengers. 
Normally, under acidic conditions (pH < 4) the direct pathway dominates, at alkaline pH it 
changes to indirect, at pH close to neutral both direct and indirect pathways can take place 
simultaneously. Various substances are identified as the initiator, promoter and scavenger for 
the chain reaction (). 
 
The presence of NOM can affect the stability of ozone by either reacting directly with it or 
indirectly by scavenging of hydroxyl radicals. Furthermore as discussed in section 2.3.1.1, the 
carbonate and bicarbonate present in water will react with hydroxyl radicals such that the 
oxidation is accomplished through only direct reaction (Hoigné and Bader, 1976; Acero and 
von Gunten, 2000). The scavengers not only compete with the target compounds, but also 
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promote ozone decomposition and thus increase ozone consumption (Alvares et al., 2001; 
Beltrán, 2003).  
 
Table 2-4: Typical initiators, promoters and scavengers for ozone decomposition in 
water (Gottschalk et al., 2010) 
Initiator Promoter Scavenger 
OH- Humic acid/NOM HCO3-/CO32- 
H2O2/HO2- Aryl-R PO34- 
Fe2+ Primary and secondary 
alcohols 
Humic acid/NOM 
Tert-butyl alcohol (TBA) 
 
During reactions between ozone and the organic matter, the products mainly contain 
alcoholic, carbonyl and carboxyl groups: short chain (<C5) carboxylic acids (formic, acetic, 
oxalic, glyoxylic, pyruvic and ketomalonic acid), and aldehydes (formaldehyde, acetaldehyde, 
glyoxal, methylglyoxal) (Nawrocki and Kalkowska, 1999; Can and Gurol, 2003; Nawrocki et 
al., 2003; von Gunten, 2003a; Wert et al., 2007). Due to their resistance towards ozone, these 
saturated compounds accumulate in the solution and are not mineralised, even after extended 
oxidation time (Glaze and Kang, 1989b; Camel and Bermond, 1998; Westerhoff et al., 1999). 
This can be explained by the low rate constants between ozone and these compounds (von 
Gunten, 2003a; Van Geluwe et al., 2011). Thus, minimal mineralisation is typically observed 
during ozonation. Typically, DOC reductions achieved during ozonation in drinking water 
plants is only about 10-20% (Can and Gurol, 2003). 
 
Ozonation of humic substances, rich in unsaturated bonds, leads to a quick decolourisation 
and a decrease in UV absorbance due to loss of aromaticity (Westerhoff et al., 1999; Wang 
and Pai, 2001). This fast reaction of O3 with double bonds and aromatic rings in NOM 
molecules is marked by a sharp decrease in SUVA where ozone initially oxidises the most 
reactive sites of the humics (Westerhoff et al., 1999). Upon ozonation of humic substances, 
the TOC was either reduced or unchanged, but resulted in the conversion of complex high 
molecular weight compounds to simple, smaller biodegradable species (Camel and Bermond, 
1998; Nawrocki et al., 2003; Van Geluwe et al., 2011). Ozone was shown to preferentially 
remove molecules with a low oxidation state (low O/C ratio) and a high degree of 
unsaturation (low H/C ratio) (Nawrocki et al., 2003; These and Reemtsma, 2005). It was also 
observed that following ozonation, the reaction products were characterised by an increase of 
O/C ratio as the unsaturated bonds in the humics were transformed to oxygenated saturated 
bonds (These and Reemtsma, 2005; Van Geluwe et al., 2011).  .  
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Camel and Bermond (1998) observed that these low molecular weight compounds should be 
better adsorbed onto activated carbon, however the polarity of organic compounds is 
increased by ozonation which results in a decrease in GAC absorbability. Yet it was found 
that low molecular weight aldehydes and carboxylic acids produced by ozonation could be 
removed using biological filtration (BAC or slow sand filters) resulting in higher biological 
activity (Graham, 1999). The increase in aldehyde content after the ozonation step was mostly 
removed upon the subsequent GAC filtration. Additional benefits of the combination of 
ozonation and biofiltration include significant reductions in THMFP and chlorine demand of 
treated waters (Graham, 1999). 
 
With respect to DBPs, one of the main limiting factors for the use of ozone in water and 
wastewater treatment is bromate (BrO3-) formation, which is regulated at 10 μg/L in drinking 
water by the USEPA and the European Union (Richardson et al., 2007). Australia’s National 
Health and Medical Research Council (NHMRC) currently recommends a guideline value of 
bromate in drinking water as below 20 µg/L (ADWG, 2011). At Br- of >50 mg/L, excessive 
bromate formation can be problematic (von Gunten and Hoigne, 1994; von Gunten, 2003b). 
Increasing bromate formation occurs with increasing dose of ozone. On the other hand, the 
transformation of hydrophobic compounds to hydrophilic by-products during ozonation has 
been found to decrease the formation potential of THMs and HAAs quite efficiently (Meunier 
et al., 2006; Wert et al., 2007). Meunier et al. (2006) reported that a small dose of ozone (1.5-
2.5 mg/mg DOC) reduced the THMFP by about 70% in surface water while the DOC level 
remained unchanged.  
 
2.3.2.1 Ozone/Hydrogen peroxide (O3/H2O2) 
The contribution of the indirect reaction can be enhanced by the addition of hydrogen 
peroxide.  It reacts with ozone when present in its conjugate base form, HO2-, leading to 
greater formation of HO•, which depends on the initial relative concentration of ozone to 
hydrogen peroxide.  
O3 + HO2-  HO• + O2- • + O2    Equation 2-15 
The overall reaction is:  
H2O2 + 2O3  2OH• +3O2       Equation 2-16 
 
According to the above reaction, an optimum dose ratio of H2O2/O3 is usually within the 
molar range of 0.5-1, depending on the presence of promoters and scavengers (Paillard et al., 
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1988; Glaze and Kang, 1989a). In most full scale plants, the optimal value of the H2O2/O3 
ratio appeared to be 0.25-1 (Van Geluwe et al., 2011). Currently, there are no reliable models 
available to determine the optimum dose value as the optimum ratio would depend strongly 
on the composition of the water (Kosaka et al., 2001). Hence, it needs to be determined 
experimentally for every different water and ozone set up (Acero and von Gunten, 2001).  
Investigation of the optimum ratio is essential since peroxide itself may act as a scavenger as 
well as initiator. At high H2O2 concentration, a reaction between H2O2 and HO• generates the 
much less powerful oxidant HO2• as shown in Equation 2-7. To overcome this phenomenon, 
multiple small additions of H2O2 were found to be better for the removal of DOC than a 
single addition at the inlet of the reactor (Kosaka et al., 2001; Rosal et al., 2009; Van Geluwe 
et al., 2011).  It is essential that the concentration of dissolved ozone needs to be maintained 
in the reactor and mass transfer can be a limiting factor (Glaze and Kang, 1989a).   
 
The use of O3/H2O2 to treat secondary effluent has shown considerable improvement in 
pollutant reduction and mineralisation when the O3/H2O2 ratio was optimised (Rosal et al., 
2008; Rivas et al., 2009; Rosal et al., 2009). The improvement is due to the higher rate 
constant for the reaction of the saturated by-products with HO• than with the ozone itself. 
However, the concentration of HO• is typically 107-109 times lower than the dissolved ozone 
concentration (von Gunten, 2003a; Rosal et al., 2009; Van Geluwe et al., 2011). This means 
that an increase in the HO• may not necessarily lead to an improvement in the degradation of 
the saturated by-products. Buffle et al. (2006) reported that the addition of H2O2 (1-10 µM) to 
wastewater did not essentially accelerate O3 decomposition or increase HO• generation. A 
similar observation was reported by Acero and von Gunten (2001) that when the NOM 
concentration was high (> 3 mg/L DOC), the decomposition of O3 was no longer controlled 
by H2O2, but rather by certain functional groups in the DOC. Hence the effect of H2O2 
addition to increase the production of HO• will be negligible in this case (Brunet et al., 1984; 
Van Geluwe et al., 2011). According to Buffle et al. (2006), addition of H2O2 to the O3 
process is only sensible at high O3:DOC ratios where the ozone residual lasts long enough for 
the H2O2-induced mechanisms to become significant and when the mechanism of H2O2 as an 
initiator becomes significant when compared with the direct reaction of ozone with the 
dissolved organic matter.  
2.3.2.2 O3/UV 
The O3/UV process is initiated by the photolysis of ozone dissolved in water by UV 
irradiation, leading to the formation of hydrogen peroxide (Equation 2-17) (Peyton and Glaze, 
1988).  
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O3 + hν + H2O  H2O2 +O2   Equation 2-17 
 
Subsequently, the generated hydrogen peroxide is photolysed producing HO•, according to the 
UV/H2O2 process (Equation 2-3), and also reacts with the ozone following the O3/H2O2 
process. The significantly higher absorption coefficient of ozone (ε254=3300/M cm) compared 
with H2O2 (ε254=19.6/M cm) provides the extra benefits of this process (Legrini et al., 1993). 
This process can be effectively used to treat water with a high UV absorption background. In 
addition to the above reaction, direct photolysis and ozonation can also play a role in the 
degradation of the dissolved matter (Beltrán et al., 1997). Gong et al. (2008) observed a 
significant improvement in DOC removal from biotreated municipal wastewater with UV/O3 
of 90% from 36% by ozone alone. 
 
A typical problem associated with this process is the difficult task of dissolving ozone and 
photolysing it with high efficiency due mainly to the low solubility of ozone in water limiting 
the mass transfer. Research on the development of a good reactor geometry and design may 
improve the process efficiency. Oh et al. (2007) reported that the efficiency of the O3/UV 
could be enhanced by recycling the water flow into the reactor due to the improvements in the 
transferred ozone dose in the reactor and the contact efficiency between photons and ozone. 
Another drawback of this process is the applications of ozone and UV are energy intensive 
processes and hence, a combined O3/UV process may not be cost effective for treating water 
with high concentration of DOC.   
 
2.3.3 Combination of AOP with biological treatment 
As illustrated in the previous sections, complete mineralisation by AOPs for wastewater 
treatment is generally not attainable due to the high energy consumption, making this a less 
favourable process despite the high potential for pollutant degradation. During the AOPs, the 
oxidation of organics is defined by the extent of their degradation to the final oxidation 
products as follows (Tabrizi and Mehrvar, 2005): 
• Primary degradation which is a structural change in parent compounds 
• Satisfactory degradation, a primary degradation that reduces the toxicity or converts 
refractory organics to biodegradable compounds 
• Complete mineralisation to transform the organics into CO2 and water 
• Improper degradation, a change in the structure of the parent compounds that results in 
increasing toxicity of the wastewater 
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The combination of AOP with a downstream biological process has been applied for the 
following reasons (Scott and Ollis, 1995): 
• If the wastewater is toxic and/or refractory to microorganisms it can be chemically 
pre-treated to obtain biodegradable intermediates, which can be further treated in a 
biological reactor (AOP as pre-treatment) 
• If the wastewater is not inhibitory then biological pre-treatment can be used to remove 
the biodegradable fraction, leaving the oxidation step for the remaining refractory 
fraction (AOP as polishing post-treatment) 
 
Secondary effluent is not considered as readily biodegradable as only 6-20% of the DOC can 
be removed biologically (Oneby et al., 2010). Oxidative pre-treatment such as ozonation and 
UV treatments may transform the recalcitrant compounds to become highly biodegradable, 
which can create problems in the downstream treatment and applications of the treated water. 
Thus, a sequential biological filtration process to remove the BDOC is usually integrated into 
the system (Gottschalk et al., 2010). The most commonly used process is biologically 
activated carbon (BAC).  
 
 It was reported by Volk et. al (Volk et al., 1993a; Volk et al., 1993b) (1993) that ozone or 
ozone/H2O2 treatment of natural waters led to formation of BDOC when a medium ozone 
dose was applied (0.5-1 mg O3/mg DOC) over short contact times (5 minutes). Nishjima et al. 
(2003) investigated the removal of DOC by multi-stage ozonation-biological treatment for 
drinking water. However, long term ozonation was not effective for producing BDOC as most 
of the ozone was consumed to oxidise the BDOC generated in the early stage of ozonation. 
 
Toor and Mohseni (2007) employed UV/H2O2 coupled  with BAC for removing NOM during 
drinking water treatment and observed significant reductions of not only DOC and A254 but 
also DBP formation. The combination of VUV pre-treatment with BAC has also been found 
to successfully decrease the formation potential of THM and HAA (Buchanan et al., 2008). 
Similarly, photocatalysis combined with activated carbon filtration has been reported to 
significantly improve the removal efficiencies in terms of colour and A254 compared to 
without AC (Uyguner et al., 2007).  Extensive reviews on the integration of AOPs and 
biological processes can be found in Scott and Ollis (1995) and Tabrizi and Mehrvar (2005). 
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2.4 Formation of disinfection by-products 
Disinfection by-products are formed when disinfectants such as chlorine, ozone, chlorine 
dioxide or chloramines react with NOM, anthropogenic contaminants, bromide and iodide 
during the production of drinking water (Richardson et al., 2007). Chemical disinfection of 
water is a vital process in drinking water treatment for the protection of public health from 
water-borne diseases. However, the unintentional formation of DBPs at low levels has raised 
health concerns due to their high genotoxicity and carcinogenicity (Richardson et al., 2007; 
Krasner et al., 2008; Bond et al., 2011). Increasing concentrations have been detected with 
increasing occurrence of water reuse, indirect potable reuse and increasing use of 
anthropogenic compounds.  
 
As of 2007, over 600 DBPs have been identified and reported in drinking water treatment, 
while only a small proportion of these were assessed and are regulated (Richardson et al., 
2007). Among these, the most common regulated DBPs were the trihalomethanes (THMs), 
haloacetic acids (HAAs), bromate and chlorite (Richardson et al., 2007). Another group of the 
emerging DBPs, the nitrogenous DBPs, have gained attention during the past decade, they 
include: halonitromethanes (HNMs), haloacetonitriles (HANs), nitrosamines and others. The 
latter pose a greater health risk than the regulated DBPs since they are more cytotoxic, 
genotoxic than the carbonaceous DBPs and are significant human carcinogens(Krasner et al., 
2006). Furthermore, more drinking water treatment plants are switching from chlorination to 
alternative disinfectants, in particular chloramines, which act as a source of nitrogen in the 
formation of N-DBPs (Krasner et al., 2006; Bond et al., 2011). Figure 2-7 presents the 
schematic diagram for the reactions of the DBP precursors with disinfectants.  
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Figure 2-7: Schematic diagram of the reaction for organic and inorganic DBP 
precursors with disinfectants to form regulated and emerging DBPs (Krasner et al., 
2006) 
 
Unlike DBP precursors, the actual formation of DBPs in treatment plants is largely dependent 
upon water quality and operation conditions such as: disinfectant type, dosage, reaction 
conditions (temperature, retention time, pH) and presence of other species (Krasner et al., 
2008). Treated wastewater EfOM, which is rich in dissolved organic nitrogen, has been 
shown to be a source of precursors for a wide range of DBPs (THMs, HAAs, HANs, 
nitrosamines) (Krasner et al., 2008; Chen et al., 2009) 
 
2.4.1 Trihalomethanes (THMs) and Haloacetic Acids (HAAs) 
In chlorinated drinking water, the THMs are the largest class of DBPs detected followed by 
the HAAs (Krasner et al., 2006). The THMs include chloroform, bromoform, 
bromodichloromethane, and chlorodibromomethane; the total concentration of these species 
(THM4) are currently regulated by US EPA at 80 µg/L and in Australia at 250 µg/L for 
drinking water (ADWG, 2011). Based on a survey involving 500 large drinking water plants 
in the US, chloroform was reported to be the most prevalent (75%) of the THMs measured 
(Richardson et al., 2007). However, high levels of bromide in the water can lead to an  
increase in the level of brominated THMs (Simpson and Hayes, 1998). Under high exposure 
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conditions, chloroform is likely to be carcinogenic to humans, even though it is not 
considered to be mutagenic or genotoxic (Richardson et al., 2007).   
 
There are 5 regulated HAAs: bromoacetic acid, dibromoacetic acid, chloroacetic acid, 
dichloroacetic acid and trichloroacetic acid. According to the US EPA, the sum of these five 
HAAs should not exceed 60 µg/L; dichloroacetic acid and trichloroacetic acid are the 
dominant HAAs. The Australian Drinking Water Guideline (ADWG) regulates three species 
of HAAs: 0.15 mg/L for chloroacetic acid, 0.1 mg/L for di- and tri-chloroacetic acids 
(ADWG, 2011). Generally, the sum of the 4 regulated THMs (THM4) is higher than the sum 
of the 5 regulated HAAs (HAA5). Significantly lower levels of THMs and HAAs have been 
observed when chloramines or ozone was used for disinfection compared with chlorine 
(Bougeard et al., 2009).  
 
There are confliciting reports regarding the type of NOM responsible for precursors of both 
THMs and HAAs. Generally, THMs and HAAs are considered to be preferentially formed 
from higher MW and more hydrophobic organics (Singer, 1999). However, hydrophilic/polar 
NOM also has a significant contribution to the formation of DBPs (Croué et al., 2000; Hua 
and Reckhow, 2007). Small MW compounds of less than 1 kDA were also found to be mainly 
responsible for THM and HAA precursors (Chang et al., 2001). The precursors for HAA, 
however have been reported to contain more aromatic compounds than the precursors for 
THMs (Singer, 1999).  
 
Thomson et al. (2004b) discovered an initial increase in the formation potential of THM at 
lower doses of UV-C while higher UV dose resulted in a decrease of THMFP for surface 
water. VUV-BAC systems were reported to reduce DBPs to levels well below the Australian 
guideline, with 60-70% decrease in the THMFP and a 74% decrease in the HAAFP 
(Buchanan et al., 2008). The combination of ozone and UV AOP was able to reduce the 
THMFP by about 80% and HAAFP by about 70% for surface water at an ozone dose of 0.62 
mg/L, while ozonation alone reduced the chloroform and HAA by roughly 50% (Chin and 
Bérubé, 2005). Chen et al. (2011) evaluated the performance of UV/H2O2 for the reduction of 
organic matter and DBPFPs and found that insufficient contact time and oxidant dose could 
lead to increased formation of THMs and HAAs in synthetic water prepared with biologically 
treated wastewater effluent. These studies indicated that these processes have the potential to 
reduce the formation potential of DBPs particularly by having a sequential biological process 
to remove the precursors for DBPS.  
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2.4.2 Bromate 
When the source waters contain high levels of bromide (>50 µg/L) the formation of bromate 
becomes a concern for ozone disinfection and ozonation (von Gunten and Oliveras, 1998). It 
is currently regulated at 10 µg/L in drinking water in USA (Richardson et al., 2007) and 20 
µg/L in Australia (ADWG, 2011) . Among the regulated DBPs, bromate is the most potent 
carcinogen in animals and is classified as a probable human carcinogen (Richardson et al., 
2007). In high alkalinity water, the application of ozonation needs to be monitored carefully 
since the reaction of carbonate radicals with hypobromite ion (OBr-), the main precursor, 
results in the formation of bromate (von Gunten, 2003b). During ozonation, bromate is 
formed from the oxidation of bromate via a combination of both ozone and hydroxyl radical 
reactions. These reactions can occur simultaneously or in sequence resulting in an extremely 
complicated and highly non-linear reaction system, as summarised in Figure 2-8. Detailed 
discussion on the formation mechanisms of bromate and control strategies can be found in 
von Gunten (2003b). 
 
 
Figure 2-8: Reaction scheme for bromate formation during ozonation of bromide-
containing waters, (a) reactions with ozone and (b) reactions with hydroxyl radicals (von 
Gunten, 2003b) 
 
The initial concentration of bromide in the water affects the level of bromate formation. In 
water with low DOC, little formation of organic brominated species occurs and so bromate 
formation predominates (Westerhoff et al., 1999). Increasing the dose of ozone will increase 
bromate formation until all bromide has been converted. However the presence of other 
species (such as NOM) which competitively react with ozone will increase the ozone demand 
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and as a result lower formation of bromate is observed (von Gunten and Hoigne, 1994). 
Control of bromate formation can be achieved by process optimisation through pH depression 
by shifting the HOBr/OBr- equilibrium towards HOBr leading to lower bromate formation 
(von Gunten, 2003b). Meunier et al. (2006) found that a reduction of the ozone dose by a 
factor of two could lower the formation of bromate by a factor of more than 10. During 
treatment of secondary effluents by ozonation, it was found that the concentration of BrO3- 
started to increase at the later stage of ozonation after the ozone consumed reached > 1 mg 
O3/mg DOCo, which also coincided with the bulk removal of SUVA (Kim et al., 2007b). 
Throughout the initial stage, bromate was not formed as ozone is consumed competitively 
between formation of bromate and reaction with the highly reactive organic compounds (Kim 
et al., 2007b).  
 
2.4.3 Haloacetonitriles (HANs) 
Of the major N-DBPs detected in drinking water, HANs occurred in the highest 
concentration, with median and maximum levels of 3 ng/L and 14 ng/L, respectively, in a 
survey of US water treatment plants (Richardson et al., 2007). In Australia, HAN levels up to 
36 µg/L have been detected, these were strongly associated with high organic content and 
bromide, which also resulted in THM levels up to 191 µg/L (Simpson and Hayes, 1998). 
Following chlorination, HANs are detected at a concentration typically an order of magnitude 
lower than the concentrations of THMs and HAAs (Bougeard et al., 2009; Bond et al., 2011). 
Even though they are currently unregulated, these compounds have been shown to possess 
higher toxicity than the regulated THMs and HAAs (Muellner et al., 2006). The most 
commonly measured HANs are dichloro- (DCAN), bromochloro- (BCAN), dibromo- 
(DBAN), and trichloroacetonitrile (TCAN), where DCAN is the most prevalent species 
(Krasner et al., 2006; Bond et al., 2011). The World Health Organisation (WHO) has set a 
provisional guideline value for DCAN and DBAN at 0.02 and 0.07 mg/L, respectively 
(WHO, 2004; Krasner et al., 2006).   
 
The contribution of wastewater discharges to drinking water sources leads to elevated levels 
of dissolved organic nitrogen (DON), which increases the possibility for nitrogenous DBP 
formation (Krasner, 2009). It was found that switching from chlorine to monochloramine 
decreased the concentration of HAN by 81% (Bougeard et al., 2009). Furthermore, 
biodegradation preferentially removed protein-like substances which are associated with 
precursors for HANs (Chen et al., 2009).  
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2.4.4 Nitrosodimethylamine (NDMA) and other nitrosamines 
NDMA is frequently reported as the dominant nitrosamine species, while other nitrosamines 
were periodically present at lower concentration, about an order magnitude lower than 
NDMA (Bond et al., 2011). The discovery of nitrosamines other than NDMA, N-
nitrosopyrrolidine (NPYR) and N-nitrosomorpholine (N-MOR), in drinking water was  first 
reported by Charrois et al. (2004). NPYR and N-nitrosodethylamine (NDEA) were the second 
and third most frequently recorded nitrosamines, reaching respective peaks of 35 and 23 ng/L 
(Bond et al., 2011). Currently, NDMA is the only nitrosamine included in the ADWG which 
set a guideline value of 100 µg/L (ADWG, 2011). Compared to NDMA, studies on the 
occurrence and fate of other nitrosamines in drinking and wastewater treatment plant are still 
not frequently reported.  
 
NDMA is considered to be a probable human carcinogen (Richardson et al., 2007). Until the 
last decade, it was commonly detected in food, beverages, consumer products and 
contaminated groundwater (rocket fuel) and polluted air (Richardson et al., 2007). Since then, 
there has been growing concern as elevated levels of NDMA have been formed at sites that 
appear to have no direct source and this formation was associated with disinfection processes 
(Mitch and Sedlak, 2001). Higher concentrations of NDMA has been detected in 
chloraminated compared with chlorinated water, exceeding 30 ng/L in distribution systems, 
where the nitrogen in monochloramine is incorporated into the structure of the NDMA by-
product (Mitch et al., 2003a; Chen and Valentine, 2007).  
 
The formation of NDMA can be explained by the slow reaction of monochloramine with 
dimethylamine to form the unsymmetrical dimethylhydrazine (UMDH) intermediate, which is 
rapidly oxidised by monochloramine to form NDMA and a variety of other nitrosamines 
(Mitch et al., 2003a; Mitch et al., 2003b). Another important precursor is organic nitrogen 
compounds. Nitrogen-rich colloidal, hydrophilic neutral and base fractions tend to dominate 
N-DBP formation (Mitch et al., 2003b; Bond et al., 2011). Consistent with this, Krasner et al. 
(2009) reported that the presence of NDMA precursors was significantly higher in EfOM-
impacted waters. Ozonation was found to destroy or transform NDMA precursor resulting in 
a significant reduction (65%) in NDMAFP (Krasner, 2009). Further reduction was achieved 
using biologically active filters (67%) since NDMA precursors are readily removed by 
biological treatment (Mitch et al., 2003b; Krasner et al., 2006; Bond et al., 2011).  
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2.5 Summary of Literature Review 
This chapter provides an overview of the wastewater treatment processes in WWTPs, 
different classes of recycled water and occurrence of indirect potable reuse, a summary of 
EfOM components, review of advanced oxidation processes (AOPs) for the treatment of 
organic matter, and the formation and characteristics of different types of disinfection by-
products. To summarise, the previous studies have highlighted the following:  
• Conventional wastewater treatment typically consists of primary, secondary and 
tertiary treatment to produce effluent with sufficient quality for safe discharge to the 
receiving bodies, an increasing proportion of this effluent is being allocated as 
recycled wastewater.  
• EfOM contains a mixture of NOM which originates from drinking water, SMPs which 
originate from microbial activity during biological wastewater treatment, biopolymers 
which include carbohydrates and proteins, and organic micropollutants such as PPCPs 
and EDCs which are produced from human activities. Further treatment of the 
secondary effluent would be required to improve its quality and to increase its 
potential for recycling 
• Apart from the use of recycled water, indirect wastewater reuse (intentional or 
unintentional) may well increase. Numerous risks are involved with the introduction 
of WWTP effluent to drinking water sources: the presence of organic micropollutants, 
microbial hazards from the presence of pathogens and the prospect of EfOM as DBP 
precursors. The higher concentrations of organic nitrogen found in wastewater 
contribute to the formation of N-DBPs, which are more toxic than the carbonaceous 
DBPs and some are possible human carcinogens. 
• AOPs provide a promising technique to treat secondary effluent due to the production 
of powerful oxidising hydroxyl radicals (HO•) which degrade the organic matter. UV-
based treatments (UV photolysis, VUV irradiation, UV/H2O2, Fenton processes and 
UV/TiO2) have been studied and applied to the removal of various organic pollutants 
in water and wastewater. Complete mineralisation was generally not achieved. 
However, these processes were able to transform the HMW refractory organic 
pollutants such as humic substances to simpler, more biodegradable organics. 
• Ozonation has been long used for disinfection of drinking water and removal of 
organic pollutants. Ozone can react directly and/or indirectly with the organics in 
water. The indirect pathway involves the decomposition of ozone to generate HO•, 
which can be achieved under alkaline conditions or with the combination of UV 
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and/or H2O2. Application of ozone for water treatment has been limited by the risk of 
bromate formation, a toxic and probably carcinogenic disinfection by-product.  
Minimal mineralisation was observed during ozonation. Similar to UV-based 
treatments, it resulted in the degradation of the HMW compounds to LMW 
compounds which can then be removed in subsequent biological treatment.  
• Formation of disinfection by-products is inevitable during disinfection of water 
containing DBP precursors. Regulated DBPs (THM and HAA) have been detected, 
particularly following chlorination. Some research reported that the precursors for 
these DBPs appeared to be more hydrophobic. Hence AOPs have been reported to 
decrease the DBP precursors following the preferential removal of the hydrophobic 
compounds. On the contrary, there are conflicting reports stating the hydrophilic 
fractions are responsible for the formation of these DBPs. EfOM is rich in DBP 
precursors. Although emerging N-DBPs (e.g., HANs and nitrosamines) have been 
detected at lower concentrations compared to the regulated ones, they have been found 
to be more toxic than the carbonaceous DBPs.  
• Research on the formation of DBPs, particularly the N-DBPs following AOPs, has not 
been greatly reported. Hence there is still a lack of information on the impact of these 
processes on the formation potential of N-DBPs for AOP- treated secondary effluent.   
 
Accordingly, the objective of this research is to investigate the applicability of AOPs to treat 
the organic matter, which causes colour problem in the secondary effluent to allow its 
recycling. The impact of these treatments on the organic properties, biodegradability and 
toxicity of the variously treated effluent as well as the oxidation by-products formed through 
AOPs will also be examined. UV-based AOPs and ozone-based AOPs will be performed on 
the secondary effluent and direct comparisons of these processes will be examined. The 
formation of oxidation by-products, including the DBPFP following these treatments before 
and after subsequent biodegradation will also be investigated.  
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Chapter 3- Materials and Methods 
 
3.1 Secondary effluent 
The secondary effluent used in this study was collected from a local municipal wastewater 
treatment plant  in Victoria, Australia. Most of the sewage that flows into the WWTP is from 
residential and commercial sources, and the remainder is trade waste. The sewage is treated to 
secondary standard then disinfected at the WWTP in accordance with the EPA Victoria 
licence requirements. Some of the fully treated effluent is recycled, while the rest is 
discharged into an ocean outfall. The WWTP staff advised that the characteristics of the 
effluent varied during the week, covering a great range over the week (Table 3-1). The 
organic loadings of the secondary effluent varied such that the lowest was observed on 
Monday, and then gradually increased during the week so that it reached the highest on 
Friday, and then decreased on the weekend. These daily variations are characterised and 
discussed further in the following chapter.  
 
Table 3-1: Ranges for characteristics of secondary effluent 
Parameter Value Unit 
pH 7.4-7.8  
Colour, 455 nm 70-148 mg/L Pt-Co 
A254 0.331-0.484 /cm 
DOC 11.2-17.3 mg/L 
COD 43-57 mg/L 
SUVA 2.4-3.6 L/mg.m 
BDOC 1.1-1.3 mg/L 
Alkalinity 110-140 mg/L as CaCO3 
Br- 316-373 µg/L 
Turbidity 6-38 NTU 
TN 22-30 mg/L 
NH3 0.8-2.5 mg/L 
 
Samples were collected at various times over the period June 2008-September 2011 during 
the project. The collected samples were stored at 4oC until used and then filtered through 
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PVDF 0.45 micron membrane (Millipore) to obtain the above readings. Over four weeks of 
sample storage, the characteristics of the sample were monitored and varied within 5%.  
 
3.2 Analytical Methods 
3.2.1 Colour (true and apparent)  
All colour measurements were determined by the Platinum-Cobalt Standard Method 8025 
using a HACH spectrophotometer DR/4000 at 455 nm. For true colour measurement, the 
samples were pre-filtered (PVDF 0.45 µm membrane, Millipore) prior to taking the readings.  
The results were reported as mg/L Pt-Co. Later in the project, the colour was measured using 
the same method and a DR 5000 HACH spectrophotometer. Average values of duplicate 
readings are reported. 
3.2.2 Ultraviolet (UV) Absorbance 
All photometric measurements were determined using a double beam scanning UV/vis 
spectrophotometer (UV2 Unicam), with a matched pair of 1 cm pathlength quartz cuvettes. 
Absorbance at 254 nm was used as an indication of the aromaticity and the presence of 
conjugated double bonds in the samples.  
3.2.3 Dissolved Organic Carbon (DOC) 
The DOC concentrations were obtained using a total organic carbon analyser (Sievers-820) 
with an automatic sampler. The data obtained were processed by the validation support 
package software (Model 800, revision B). Each of the DOC measurements was run in 
triplicate and the average values were reported. The error associated with DOC analysis was ± 
0.1 mg/L. Later in the study, DOC concentrations were measured using a Sievers 5310 C GE 
TOC analyser, equipped with an inorganic carbon remover (Sievers 900) for the removal of 
inorganic carbon prior to TOC measurement.  
3.2.4 Chemical Oxygen Demand (COD) 
COD measurements were performed using the low range reagents (0-150 mg/L) from HACH 
(Method 8000). Replicate samples of 2 mL were added to each reagent vial and digested for 2 
hours at 150oC in a Merck COD digester. The absorbance was measured with a HACH 
spectrophotometer DR/4000, which was replaced later by a DR/5000 instrument. Duplicate 
measurements were conducted for each sample and average values were reported.  
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3.2.5 Biodegradable DOC (BDOC) 
The biodegradability of samples was determined by the biodegradable dissolved organic 
carbon (BDOC) method (Joret and Levi, 1986) and modified according to the method 
reported by Volk et al. (1994),  in which the ratio of sample to sand was altered. A sample 
(300 mL) was exposed to washed biologically active sand (100 ±10 g) for 7 days under 
aerobic conditions (3 litres of humidified air per hour). Replicate DOC readings were taken 
daily (as per 3.2.2) and the BDOC value was calculated by subtracting the lowest DOC 
reading obtained over the incubation period from the initial DOC reading.  
 
The sand (collected from Big Pats Creek, Warburton, Victoria) was washed with deionised 
water (Elix10, Millipore) and stored in an aerated solution of deionised water (700 mL) 
spiked with sodium acetate and some secondary effluent sample prior to and between 
experiments. To ensure that the microbes on the sand were active for each BDOC experiment, 
a solution of 10 mg/L sodium acetate (AR, BDH) was used as a positive control (Figure 3-1). 
The acetate control without sand indicated that the loss of DOC was not due to volatilisation.  
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Figure 3-1: Decrease in DOC during acetate control experiment for validating the 
biological activity of the sand (n=2).  
 
3.2.6 Fluorescence Excitation-Emission Matrices (EEMs) 
The fluorescence EEM spectra of the samples were measured using a spectrofluorometer 
(Perkin Elmer LS 50). During the later part of the research, a PerkinElmer LS 55 
spectrofluorometer was employed. The data obtained were processed with the FL WinLab 
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package software (Version 4.00.03) to generate the 3D EEMs and to export the data for 
fluorescence regional integration (FRI).  
 
3.2.7 Liquid Chromatography-Organic Carbon Detection (LC-OCD) 
The LC-OCD analyses were conducted at the University of New South Wales (UNSW) using 
the DOC-Labor Model 8, fitted with a Toyopearl TSK HW-50S column. Samples of 1000 µL 
were injected into the column and the mobile phase was phosphate buffer at pH 6.4 (2.5 g/L 
KH2PO4 and 1.5 g/L Na2HPO4.H2O) at a flow rate of 1.1 mL/min. 
 
The LC-OCD separates the organics to give quantitative values for 5 chromatographic 
fractions with retention times which correspond to molecular size: biopolymers (>20,000 Da), 
humics (~1000 Da), building blocks (300-500 Da), low molecular weight (LMW) acids and 
humics, and LMW neutrals (<350 Da). 
 
3.2.8 Alkalinity 
The alkalinity of the samples was measured by using Method 2320 B (APHA, 1998). After 
standardising against standard Na2CO3 solution (0.05 M), 0.02 M HCl was used to titrate 100 
mL of the samples. The volume of HCl consumed to achieve the end-point pH of 4.5 was 
recorded to calculate the total alkalinity of the samples as mg/L CaCO3. The average value of 
triplicate measurements was reported. 
 
3.2.9 Turbidity 
The turbidity of the samples was determined as NTU (Nephelometric Turbidity Units) using 
the HACH 2100AN Turbidimeter. Representative samples were collected (approximately 20 
mL) to fill the sample cell. Regular calibration was performed using the StabCal turbidity 
standard calibration kit (HACH). The measurement accuracy was specified by the 
manufacturer as ±2% of reading plus 0.01 NTU. 
 
3.2.10 pH and conductivity 
A laboratory pH meter (SevenEasy™ pH meter, Mettler Toledo) was used to determine the 
pH of samples by following Standard Method 4500-H+ (APHA, 1998). Calibration was done 
periodically using buffer solutions at pH 4.0, 7.0 and 10.0 (Ajax Chemicals).  
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3.2.11 Hydrogen Peroxide (H2O2) 
3.2.11.1 Determination of H2O2 concentration in stock solution 
The concentration of the hydrogen peroxide stock solution (Australian Chemical Reagants, 
50% w/w) was verified according to the potassium permanganate (KMnO4) titration method 
(H2O2.com, 2008). Firstly, a solution of 0.06 M KMnO4 (Standard Laboratories, AR) was 
prepared and standardised by potassium oxalate (Na2C2O4, Aldrich, A.C.S reagent) solution. 
Then 2 g of 50% H2O2 stock solution was diluted to 250 mL with MilliQ water in a 
volumetric flask. For titration, 25 mL of the diluted H2O2 was transferred to a beaker 
containing 250 mL of MilliQ water and 10 mL of concentrated sulphuric acid. The solution 
was then titrated against the standardised KMnO4 solution until the first permanent pink 
colour appeared in the solution. The required volume of KMnO4 was recorded to calculate the 
actual concentration of the stock solution which was determined to be 49.2% (with 3 
repetitions). The measurement was done periodically to check if the H2O2 decomposed over 
the period of storage.  
 
3.2.11.2 Determination of concentration of residual H2O2 by Merckoquant® test strips and its 
removal by Catalase 
Residual H2O2 is known to interfere with analytical measurements and therefore needs to be 
removed beforehand. The concentration of residual peroxide after treatments was determined 
using Merckoquant® peroxide test strips (Merck) as a quick colorimetric indication over a 
limited scale (0, 0.5, 2, 5, 10 and 25 mg/L) as shown in Figure 3-2. The possibility of 
interference by the organic and inorganic content of secondary effluent in the measurement 
was checked by running a control experiment in which Milli-Q water and secondary effluent 
were spiked with hydrogen peroxide at varying concentrations. It was demonstrated that there 
was no interference in the measurement of residual hydrogen peroxide when using these 
strips. 
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Figure 3-2: Colorimetric indication of residual hydrogen peroxide using Merckoquant® 
peroxide test strips (Merck) in MilliQ water and secondary effluent 
 
Catalase (from Aspergillus niger, Calbiochem®) was chosen to remove the residual H2O2. The 
catalase is active over pH 2 – 12, and it had a minimum activity of 4000 units/mg dry weight. 
For the stock preparation, powdered catalase (25 mg) was dissolved in 25 mL of phosphate 
buffer (1.17 g Na2HPO4 and 0.57 g KH2PO4 in 250 mL MilliQ water, pH 7). The prepared 
solution was divided into several portions and kept frozen to maintain the activity of the 
catalase. Prior to use, a portion was thawed and stored at 5oC for up to 1 month.  
 
For the removal of residual hydrogen peroxide, 10 μL of the catalase solution was added to 
every 25 mL of sample followed by 2 hours of shaking at 100 rpm at room temperature 
(20±2oC); this amount of catalase accounted for the addition of less than 1 mg/L of COD and 
0.05 mg/L of DOC.  The concentration of residual H2O2 was reduced to less than 0.5 mg/L, 
checked using the test strips, which would have negligible effect on other analyses (Kang et 
al., 1999). 
 
3.2.12 Disinfection by-products (DBPs) 
The analyses for a range of disinfection by-products were undertaken by the Water Research 
Centre at Curtin University (Western Australia). Selected samples were chlorinated following 
Standard Method 5710B (APHA, 2005) for the measurement of trihalomethane (THM) and 
haloacetonitrile (HAN) formation potential (FP). Chloramination of the samples for 7 days 
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was performed prior to the nitrosamine FP tests according to the method described by Mitch 
et al. (2003a). The DBP species measured for these analyses are listed in Table 3-2. 
 
Following chlorination of the THMFP samples, quenching was performed by adding 0.2 mL 
of 0.8 M sodium sulfite to 40 mL sample. For HAN FP, quenching was performed by adding 
1 g dry mix of 198 g KH2PO4, 2 g Na2HPO4, and 2 g ascorbic acid to 40 mL sample. For 
nitrosamines samples, 20 mM ascorbic acid was added 500 mL sample as the quenching 
method.  
 
Analyses for THMs and HANs were performed using automated headspace solid phase 
microextraction (SPME) GC-MS, with a programmable temperature vaporiser inlet (Allard et 
al., 2012; Kristiana et al., 2012). Quantification was performed by mass spectrometry with 
electron ionisation, with peak identification aided by inclusion of deuterated internal 
standards. Details of the method for the quantification of N-nitrosamines, which was 
performed using mass spectrometry with ammonia positive chemical ionization, can be found 
in Charrois et al. (2004). Samples were extracted using in-house SPE cartridges packed with 
LiChrolut EN and Ambersorb 572 resins and concentrated to ~300 µL. Extracts were then 
separated with gas chromatography using a DB-1701P capillary column, 30.0 m - 0.25 mm 
i.d. and 0.25 μm film thickness (J&W Scientific).  
P. PUSPITA         Page 58         July 2012 
 
Table 3-2: DBP species measured for THM, HAN and Nitrosamine formation potential tests 
Trihalomethanes (THMs) 
LOD 
(µg/L) 
Haloacetonitriles (HANs) 
LOD 
(µg/L) 
Nitrosamines 
LOD 
(ng/L) 
CHCl3 Chloroform 0.02 MCAN Monochloroacetonitirile 0.5 NDMA N-Nitrosodimethylamine 0.6 
CHBrCl2 Dichlorobromomethane 0.02 MBAN Monobromoacetonitrile 0.3 NEMA N-Nitrosoethylmethylamine 0.4 
CHBr2Cl Dibromochloromethane 0.003 BCAN Bromochloroacetonitrile 0.5 NDEA N-Nitrosodiethylamine 1.6 
CHBr3 Bromoform 0.008 DBAN Dibromoacetonitrile 0.4 NDPA N-Nitrosodipropylamine 5 
CHCl2I Dichloroiodomethane 0.008 DCAN Dichloroacetonitrile 0.3 NDBA N-Nitrosodibutylamine 3.9 
CHBrClI Bromochloroiodomethane 0.005 TCAN Trichloroacetonitrile 0.1 NPIP N-Nitrosopiperidine 1.8 
CHBr2I Dibromoiodomethane 0.005 2,2-DBBN 2,2-Dibromobutyronitrile 0.3 NPYR N-Nitrosopyrrolidine 1.2 
CHClI2 Diiodochloromethane 0.002 2,2-DCPN 2,2-Dichloropropionitrile 0.4 NMOR N-Nitrosomorpholine 1.7 
CHBrI2 Diiodobromomethane 0.002       
CHI3 Iodoform 0.001       
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3.2.13 Aldehydes 
Measurements of aldehydes were performed at ALS Group (Sydney, NSW) according to the 
method reference EP121 (via headspace/ GC-MS). Aldehydes measured were formaldehyde, 
acetaldehyde, propionaldehyde, propenal and butyraldehyde.  
3.2.14 Ecotoxicity (Hydra hexactinella and Microtox®) 
For the initial part of the UV work, ecotoxicity assessment was performed at the RMIT 
Ecotoxicology Research Lab (Bundoora Campus) utilising the Microtox® test and also by 
determining the impact on a test organism, Hydra hexactinella. The rest of the Microtox® 
tests were performed at ALS Group (Scoresby, Victoria) using the same method as above. 
 
The Microtox® test, which employs the luminescent marine bacterium Vibrio fischeri, was 
conducted according to the protocol provided with the Microtox 500 Analyzer. The 
luminescence of V. fischeri is directly related to its cellular respiration. During the test any 
inhibition of cellular activity due to toxicity resulted in a decrease in the rate of respiration, 
corresponding to a decrease in luminescence.  
 
For the Hydra test, which was performed by following the method described by Rosenkrantz 
et al. (2008), morphological changes were monitored at 24, 48, 72 and 96 h exposure to the 
water samples and lethal (LC50) and sub-lethal (EC50) endpoints were determined for replicate 
samples. Details on the procedure for the Hydra test are given in Appendix 1. 
3.2.15 Determination of bromide concentration 
Concentration of bromide in the secondary effluent was measured by ion chromatography 
(Dionex DX-120), equipped with an anion-exchange column (IonPac® AS4A-SC, 4 x 250 
mm). The method follows the USEPA Method 300.0 (A) with an eluent of 2.1 mM sodium 
carbonate and 0.9 mM sodium bicarbonate to carry an injected sample at a flow rate of 1 
mL/min. The peaks were integrated using PeakNet™ Chromatography.   
 
3.2.16 ρ-chlorobenzoic acid (pCBA) measurements for HO• determination 
The concentration of HO• can be measured indirectly by monitoring the change in 
concentration of ρ-chlorobenzoic acid (pCBA) as a probe compound (Elovitz and von Gunten, 
1999). The concentration of pCBA was determined with reverse phase HPLC (SCL-10AV, 
Shimadzu) using 50% acetonitrile, 50% water (adjusted to pH 2 using H3PO4) at 1 mL/min 
P. PUSPITA     Page 60     July 2012 
and UV detection at 234 nm. The detection limit was ~0.025 µM with a 300 µL injection 
volume.  
 
3.3 AOP Treatments 
The first stage of this study investigated the feasibility of UV-based processes to treat the 
secondary effluent and involved the use of UVC (254 nm) irradiation and VUV (254+185 
nm) irradiation, with and without the addition of hydrogen peroxide. Following these, 
ozonation was investigated for treating the secondary effluent. Lastly, sequential treatments 
involving UV-based and ozone processes were performed.  
3.3.1 UV reactor 
The annular UV reactor (Figure 3-3) used in this study was designed and constructed by 
Thomson (2002) for irradiation using either a UVC or VUV lamp. The full design 
specifications of the reactor can be found in Thomson (2002). 
 
                   
Figure 3-3: a) Schematic diagram of the UV experimental rig, b) the hairpin style 
UVC/VUV lamp 
 
The reactor was fitted with a centrally mounted hairpin style lamp (Figure 3-3b) placed within 
a quartz glass tube. Irradiated samples were placed between the quartz glass tube and the UV-
inert steel. It had a working volume of 900 mL and an average irradiated area of 464 cm2, 
with a path length of 1.94 cm. The UVC and VUV lamps were purchased from Australian 
Ultra Violet Services (Thomastown, Victoria). During VUV experiments, nitrogen gas was 
a) b) 
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purged between the lamp and quartz tube to prevent unwanted ozone generation from oxygen 
photolysis and during UV experiments, air was used. These gases were also circulated past 
the lamps to prevent the lamp from overheating (>42oC). Cooling water from a 20 L cooling 
water reservoir and a chiller (Aqua-Medic, Titan 1500) was circulated through the reactor 
jacket to keep the temperature constant (maintained at 20±2oC). The samples inside the 
reactor were aerated and mixed by humidified air that was introduced into the reactor via a 
Teflon air diffuser. As a further safety precaution due to potential ozone generation during 
VUV experiments, the vent gas from the reactor was passed through an activated carbon trap 
prior to release into the laboratory.  
3.3.1.1 UV lamp 
The low-pressure (LP) UVC lamp (Australian Ultraviolet Services, G36T15NU) emitted 
monochromatic light at 254 nm. Approximately 50% of the total energy input is converted to 
radiation at 254 nm, 2% to visible light while 48% is transformed into heat (Technical data 
sheet, Australian Ultra Violet Services). 
3.3.1.2 VUV lamp 
The LP VUV lamp of identical shape and dimensions (Australian Ultraviolet Services, 
G36T15 HU) to the UVC lamp emitted at two wavelengths: 254 nm plus 185 nm. The lamp is 
encased in an ultra-pure quartz glass which allows the transmission of the 185 nm component, 
unlike the UV lamp which was constructed with quartz with some mineral impurities to block 
the transmission of 185 nm radiation (Oppenländer, 2007).  
 
The technical specifications for both lamps are given in Table 3-3.  
 
Table 3-3: Specifications for UVC and VUV lamps (Australian Ultraviolet Services) 
Lamp type Model 
Wavelength, 
nm 
Length (mm) Power Ozone Producing 
UVC G36T15 NU 254 360 39 W No 
VUV G36T15 HU 254 + 185 360 46 W Yes 
 
3.3.2 Lamp Actinometry 
The intensity and resulting fluence rates of both lamps were determined through actinometry.   
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3.3.2.1 UVC fluence rate determination by H2O2 Actinometry 
The UVC lamp fluence rate was determined by hydrogen peroxide actinometry (Beltran et al., 
1995). The rate of photolysis of hydrogen peroxide ([H2O2]o > 20 mM) follows zero order 
kinetics with regard to the quantum yield and intensity. Hence, the total absorbed photon flow 
rate by unit volume, Io, can be determined directly from the rate of loss of H2O2 by UVC 
irradiation given by the slope of H2O2 degradation (Figure 3-4). It was observed that aeration 
of hydrogen peroxide inside the reactor without UV irradiation had no significant effect on 
the concentration. The total absorbed light intensity, Io, was determined to be 1.28 x 10-5 
einstein/s. 
 
The fluence rate was then calculated using Planck’s law of radiation: 
λ
AhcNU =     Equation 3-1 
 
Where U is the radiant energy of one einstein (J/einstein), h is Planck’s constant (6.626x10-34 
J.s), c is speed of light (2.997 x 108 m/s), NA is Avogadro’s number (6.022x1023 mol), λ and is 
the wavelength used (254 nm).   
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Figure 3-4: Determination of the intensity, Io, of the UV lamp by hydrogen peroxide 
actinometry, following aeration for 30 minutes 
 
Fluence rate (mW/cm2) was defined as the total energy of all wavelengths passing from all 
directions through an infinitesimally small sphere of cross sectional area dA (U multiplied by 
the total absorbed light intensity), divided by dA (average surface area in the reactor, 463.8 
/cm) (Equation 3-2). 
dA
UIo  rate Fluence =         Equation 3-2 
Aeration only 
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Thus the resulting average fluence rate for the UV lamp was 13.01 mW/cm2. The delivered 
UV dose was determined by multiplying the fluence rate by the exposure time in seconds 
(Figure 3-6). 
 
3.3.2.2 VUV fluence rate determination by Methanol Actinometry 
The intensity of the 185 nm component of the VUV lamp was determined by the methanol 
actinometry method adopted from Heit et al. (1998). For a much lower concentration of 
methanol (250 mM) compared with water (55 M), the degradation of methanol during 
irradiation is mainly due to the reaction with hydroxyl radicals. Hence, it can be assumed that 
all the photons are absorbed by water. Moreover, methanol neither absorbs at 254 nm nor 
reacts with molecular ozone. As a result, the radiation intensity at 185 nm can be determined 
given the molar absorptivities and quantum yields of hydroxyl radicals with methanol. A 
control experiment was carried out to take account of the methanol loss due to aeration. 
 
The methanol concentration was measured using a Varian Gas Chromatography system (GC-
450) with capillary column (FactorFour™, VF-WAXms, 15 m x 0.25 mm x 0.25 µm). 
Standards were prepared using HPLC grade methanol (99.7%, Scharlau). Following a 1 µL 
sample injection via the autosampler, the column was held at 100oC for 1 minute before the 
temperature was increased at 25oC per minute to 150oC. Data was processed by a Varian 
Galaxie Chromatography Data System software (Version 1.9.301.220). The net methanol 
degradation rate (0.0801 mM/min) was calculated by subtracting the depletion rate of 
methanol due to aeration (0.0334 mM/min) from the rate of methanol removal by irradiation 
(0.1135mM/min) (Figure 3-5). 
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Figure 3-5: Rate of loss of methanol by aeration and VUV irradiation 
 
The intensity of VUV irradiation (Po, einstein/s) was calculated using Equation 3-3 (Heit et 
al., 1998) to be 1.89 x 10-6 einstein/s. 
     
dt
MeOHd
V
P
R
o ][=
Φ
   Equation 3-3 
 
Where Ф is the quantum yield of methanol degradation (Ф=0.635) and VR is the total volume 
of the reactor (VR = 0.9 L) and dt
MeOHd ][  is the calculated depletion rate of methanol 
(0.0801 mM/min = 1.34 x 10-6 M/s). 
 
The average fluence rate of the 185 nm component was then calculated using Planck’s law 
(Equation 3-1 and 3-2) to be 2.64 mW/.cm2. The fluence rate of the 254 nm component of the 
VUV lamp was determined theoretically using the ratio of the electrical power of the VUV 
(46 W) to the UV (39 W) lamp, times the intensity of the UV lamp (Thomson, 2002; 
Buchanan et al., 2005), (46/39 x 13.01 mW/cm2= 15.34 mW/cm2). Thus, the total average 
fluence rate of the VUV lamp was calculated by adding the 185 nm and the 254 nm 
components to give 17.98 mW/cm2. The overall 185 nm component, which accounted for 
15% of the total VUV lamp energy output is comparable with those obtained by previous 
studies (Thomson, 2002; Buchanan, 2005). Figure 3-6 displays the time required for the UVC 
and VUV lamps to reach specific dosages; these are much larger than the typical dose applied 
for UV disinfection.  
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Figure 3-6: Delivered dose for UVC and VUV lamp over time 
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3.3.3 Ozonation treatment 
The ozonation experimental set-up consisted of an ozone generator, ozone contactor, ozone 
gas inlet and outlet detector, and off-gas destructor. Ozonation experiments were performed in 
a laboratory scale system operating in semi-batch mode (Figure 3-7).  
3.3.3.1 Ozone generator 
Ozone gas was produced on-site from an electrical discharge ozone generator (EDOG, 
Triogen Lab 2B) using compressed air as the feed gas. The ozone is produced when dry air is 
passed over the ceramic dielectric of an ozone generating module which is powered by a high 
voltage power board. The generator is equipped with a finned heat sink block which is cooled 
by atmospheric air through a fan. According to the manufacturer, the maximum ozone output 
is 4 g/h when using air as the feed gas. The concentration of the output gas was manually 
adjusted using a control knob, while the flow rate was maintained at 30 L/h during most of the 
ozonation experiments. The technical information and output graphs of the ozone generator 
unit are shown in Appendix 2.  
 
3.3.3.2 Ozone contactor 
The ozone contactor was made of glass with a capacity of 2.5 L and a working volume of 2 L. 
Ozone gas was introduced into the vessel through a fritted glass diffuser to the bottom of the 
contactor with continuous stirring at 250 rpm to promote uniform concentration throughout 
the sample. During the later part of the study, the shaft stirrer was replaced by a magnetic 
stirrer to achieve better insulation of the system and to improve the sealing of the system. A 
test run was carried out to check variations in the overall performance using the two different 
stirring methods and both gave very similar results.  
 
3.3.3.3 Ozone measurement  
The concentration of ozone in the inlet and off-gas streams was continuously monitored with 
an ozone photometer analyser BMT 964BT and an ozone off-gas analyser BMT 964OG 
(BMT Messtechnik, Berlin), respectively. These units measure ozone at 254 nm using an LP 
UV mercury lamp. The off-gas analyser unit also acts as the ozone destructor. A pH probe 
was placed inside the vessel to monitor any changes during ozonation. The experiments were 
performed at room temperature (20oC ± 2). The repeatability and reproducibility plus 
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systematic error of these analysers was given as < 1.5% by the manufacturer. The analog 
instruments were zeroed regularly (every 24 hours) as recommended by the manufacturer to 
compensate for any instability of the photo detectors, radiation source and transparency of the 
cuvette windows (BMT Messtechnik, 2008). 
 
 
Figure 3-7: Ozonation experimental set-up 
 
 
At the beginning of the ozone rig development, the concentration of ozone in the gas phase 
was checked by wet-chemistry ozone testing using potassium iodide (KI) as described by  
Rakness et al. (1996; Thomson, 2002) against the reading obtained from the analyser. A 
known volume of ozone was bubbled through a 2% KI solution, where the iodide ion is 
oxidised to iodine (Equation 3-4). The liberated iodine was then titrated to a starch endpoint 
with standardised sodium thiosulfate (0.1 N Na2S2O3) (Equation 3-5).  
 
O3 + 2I- + H2O  I2 + O2 + 2(OH)-   Equation 3-4 
I2+ 2 S2O32-  2I- +S4O62-   Equation 3-5 
 
The mass of ozone (mg) trapped in KI was calculated using Equation 3-6. 
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Mass = 24 x Vt x Nt     Equation 3-6 
 
Where Vt is the volume of Na2S2O3 titrant used (mL) and Nt is the normality of Na2S2O3 (N). 
The concentration of ozone in mg/L was calculated using Equation 3-7. 
 
bubbled gas ozone of Volume
4-3Equation   from Mass
1 =Y    Equation 3-7 
 
The test was done for 
3O
c = 10 mg/L and the variability of the reading between the analyser 
and the method was shown to be ±6%. The inlet and outlet analyser were checked against 
each other and the difference in the reading was shown to be less than 0.05 mg/L.  
 
3.3.3.4 Dissolved ozone  
The concentration of dissolved ozone in the liquid was monitored continuously with a 
dissolved ozone probe (HACH) and the values were crosschecked using Ozone AccuVac® HR 
ampoules (HACH). Ozone gas was bubbled into the contactor containing the water sample 
until the dissolved ozone reached certain concentration (0.1, 0.3, 0.5, 1.0, 1.5 mg/L), after 
which a sample was drawn out and immediately checked using the HACH ampoules. The 
measurements demonstrated that the accuracy was within 3%. This test was also done 
periodically during some of the ozonation experiments. Residual ozone present in the 
ozonated samples was immediately quenched by spiking with 1 mL of 0.3% Na2SO3 into 
every 50 mL sample before other measurements (Meunier et al., 2006). 
 
 
 
 
P. PUSPITA     Page 68     July 2012 
Chapter 4- The effect of photooxidation by UV and VUV 
combined with H2O2 on colour and organic matter of secondary 
effluent 
 
This chapter describes an investigation into the applicability of UV-based treatments: 
UVC (254 nm) and VUV (254 + 185 nm), with and without the addition of hydrogen 
peroxide to remove the colour of the secondary effluent. The subsequent impact of these 
processes on the organic properties: dissolved organic carbon concentration, fluorescence 
spectra, molecular weight distribution, and biodegradability are discussed.  Thus a 
mainly photolytic process was compared with three hydroxyl radical-mediated processes, 
two of which utilised addition of hydrogen peroxide for the generation of hydroxyl 
radicals, the other in which the hydroxyl radicals were generated in situ, only. These 
treatments were aimed at achieving the colour target of 20 Pt-Co to fulfil the requirement 
of Class A recycled water. The kinetics for the loss of these organics was also assessed 
and the efficiency of each process was evaluated in terms of Electical Energy per Order 
(EE/O). 
 
4.1 Preliminary characterisation of the secondary effluent 
As mentioned previously (Section 3.1), the concentration of organic carbon and colour of the 
secondary effluent from the local WWTP was influenced by organic inputs from both industry 
and domestic waste resulting in a consistent pattern over the week. The lowest level of 
organic loading was observed on Monday after which it gradually increased until it peaked on 
Friday and then decreased over the weekend, due to the lack of industrial activity at this time. 
The typical weekly trend of the secondary effluent is presented in Table 4-1. 
 
The weekly pattern suggested that the colour in the secondary effluent was contributed not 
only by the chromophoric NOM from the original drinking water source. The change in 
parameters over the week was significant, especially for colour. As demonstrated in Figure 
4-1, the weekly pattern of colour concentration during the week was associated with the 
concentration of DOC. Typically, only a small fraction of the DOC in the secondary effluent 
(around 10%) can be removed biologically, which is expected since the bulk of the 
biodegradable portion was removed during the activated sludge treatment at the WWTP. As 
for colour, the biodegradable portion also increased over the week, indicating that some of the 
industrial outputs were biodegradable.  
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Table 4-1: Typical weekly pattern of the parameters of interest for of the secondary 
effluent collected in August 2008 
  Monday Tuesday Wednesday Thursday Friday  Sat-Sun 
pH 7.90 7.70 7.85 7.70 7.76 7.84 
Colour, 455nm 
(mg/L Pt-Co) 
70 77 101 111 125 85 
A254 (/cm 0.331 0.364 0.386 0.421 0.451 0.372 
DOC (mg/L) 11.3 12.2 12.7 13.3 14.1 12 
SUVA 2.93 2.98 3.04 3.17 3.20 3.10 
COD (mg/L) 44 47 55 56 59 47 
TN  (mg/L) 26 24 28 30 26 22 
NH3  (mg/L) 1.6 0.8 1.5 1.7 2.5 1.6 
TP (mg/L)  16 19 20 22 22 18 
BDOC (mg/L) 0.8 1.1 1 1.5 1.8 1.4 
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Figure 4-1: Weekly pattern of Colour and DOC in the secondary effluent 
 
Fluorescence Emission Excitation Matrix spectra (EEMs) provide 3-dimensional plots of the 
molecular excitation and emission intensity in the UV-visible range that can be used to 
provide a “fingerprint” of the organic compounds in water and wastewater. The peaks can be 
allocated to the different types of compounds according to Chen et al. (2003). In this study, 
the peak at Yex/Xem= 345/430 nm associated with humic acid-like matter varied significantly 
over the week following the pattern of colour (Figure 4-2). The other major peak at Yex/Xem= 
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245/420 nm, corresponding to fulvic acid-like matter also increased over the working week, 
but to a lesser extent. The minor peaks associated with aromatic proteins (Yex/Xem= 
<250/<350 nm) and soluble microbial products (SMPs) proteins (Yex/Xem= 280/<380 nm) 
were also shown to intensify according to the weekly pattern.  
 
Dwyer et al. (2008) made a similar observation where a sewage treatment plant fed by 
wastewater from molasses industry resulted in a very high effluent colour concentration (170 
mg/L Pt-Co). The plant released molasses wastewater of high colour and organic loading due 
to the presence of the dark brown melanoidin pigments. Melanoidins are considered to be 
heterogeneous, negatively charged, high molecular weight and nitrogenous with similar 
chemical properties to humic substances (Migo et al., 1993; Dignac et al., 2000). These 
observations were consistent with the linking of the colour with a fermentation plant within 
the catchment. Hence, these spectra can be utilised as a tool to indicate and examine the 
presence of melanoidin in the secondary effluent by monitoring the peak location and 
intensity (Dwyer et al., 2009; Fan et al., 2011).  
 
 
Figure 4-2: EEM spectra of secondary effluent during the week (Mon-Sun), showing the 
peak for humic acid-like matter, (Yex/Xem= 345/430 nm) and fulvic acid-like matter, 
(Yex/Xem= 245/420 nm) collected in August 2008 
  
humic acid-like matter, 
Yex/Xem= 345/430 nm 
fulvic acid-like matter, 
Yex/Xem= 245/420 nm 
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To assess the impact of the different concentrations of organic matter on the efficiency of UV 
treatments for colour removal, preliminary studies were performed on low and high colour 
samples. 
 
4.2 Preliminary investigation of the effect of different colour concentration 
on performance of UVC irradiation and UV/H2O2 
To investigate the effect of different colour concentration on its removal from the secondary 
effluent, preliminary experiments were conducted using Monday samples to represent the low 
colour sample and Friday samples to represent the high colour sample. These samples were 
subjected to UVC irradiation (5 hours) and UVC with addition of 32 mg/L hydrogen peroxide 
(2 hours), while changes in colour, A254 and DOC were monitored. The difference in the 
initial colour concentration between the high colour and the low colour sample was 43 mg/L 
Pt-Co.   
 
After 300 minutes of UVC irradiation, the low colour samples exhibited slightly higher colour 
removal (by 6%) than the high colour sample (Figure 4-3a). For UV/H2O2 treatment, 
decolourisation of the high colour sample was faster during the first 15 minutes, and then it 
reached a very similar removal after 120 minutes (Figure 4-3b). The rate and extent of removal 
was similar for both low and high colour samples for UV/H2O2 treatment.  
 
Decolourisation by UVC irradiation, however, was a much slower process compared with 
UV/H2O2. It required 240 minutes to achieve 80% colour removal, while only 15 minutes was 
required when hydrogen peroxide was added to the system. The production of hydroxyl 
radicals from the photolysis of hydrogen peroxide by UVC irradiation clearly enhanced the 
efficiency of the treatment in terms of shorter reaction time and hence less energy 
consumption; this was evident from the rapid removal of colour during the first 30 minutes of 
the treatment.  
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Figure 4-3: Colour removal by a) UVC and b) UV/H2O2, A254 removal by c) UVC and d) 
UV/H2O2, DOC removal by e) UVC and f) UV/H2O2. Results plotted are average of 3 different 
batches of Monday (low colour) and Friday (high colour)  samples collected over the period of 
Nov-Dec 2008 
 
The reduction of absorbance at 254 nm (A254) corresponds to the removal of conjugated bonds 
and aromatic rings in organic compounds. From Figure 4-3c and d, it can be seen that the 
breakage of these bonds in the compounds of the secondary effluent exhibited similar trends 
to those observed for colour. The reduction of A254 increased from about 60% for UVC alone 
a) b) 
c) 
 
d) 
e) f) 
UVC UV/H2O2 
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to 90% after 120 minutes in the presence of hydrogen peroxide. The chromophoric material is 
rich in compounds that absorb at 254 nm, hence the reductions of these compounds are 
closely correlated. UVC irradiation of the low colour samples resulted in a slightly faster 
removal than the high colour samples, whereas almost identical trends were observed for 
UV/H2O2. For UV/H2O2 treatment, the reaction rate decreased with time after the first 20-30 
mins; this was attributed to the decrease in the concentration of hydroxyl radicals (HO•) as the 
hydrogen peroxide was consumed. The hydroxyl radicals tend to react with the fast-reacting 
groups first, thus as these compounds were consumed, the reaction slowed down as the 
remaining organics were more resistant to the attack by HO•. In contrast, during UVC 
irradiation a more consistent and gradual removal was observed throughout the 300 minutes 
as these compounds were photolysed continuously.  
 
A much lower extent of removal was observed for the reduction of DOC (Figure 4-3e and f). 
The high colour sample with the higher concentration of DOC resulted in slightly less 
removal of DOC compared with the low colour sample for both UVC and UV/H2O2 
treatment. While the reduction in colour and A254 was due to the breaking of the bonds 
between carbon atoms, the removal of DOC requires these partially oxidised organic carbons 
to be further oxidised to form carbon dioxide which would require a higher concentration of 
hydroxyl radicals and longer treatment time involving a more complex chain of reactions. An 
interesting observation is the initial increase of DOC level for both UVC and UV/H2O2 
treatment before it decreased with treatment time. Wang et al. (2001a) reported a similar 
observation during the treatment of secondary effluent by UV/H2O2 oxidation where the 
increase was attributed to the oxidation of particulate organic matter such as microorganisms 
and suspended solids to form dissolved organic matter. After UVC irradiation for 300 minutes 
less than 20% mineralisation was achieved, whereas addition of hydrogen peroxide increased 
the removal to 25-35% after 120 minutes.  
 
Hence it can be concluded that the difference of organic loading in the low and high colour 
samples did not result in a significantly different proportional reductions in colour, A254 or 
DOC for the UV and UV/H2O2 treatments. For this reason, during the next part of the research 
only the high colour sample was used for further investigation. 
 
 
 
P. PUSPITA     Page 74     July 2012 
4.3 Decolourisation of secondary effluent by UV-based treatments 
In this section, the efficiency of four UV-mediated processes (UVC (254 nm), UVC/H2O2, 
vacuum ultraviolet radiation (VUV) and VUV/H2O2 was compared with respect to 
decolourisation using the highly coloured secondary effluent. The goal of these treatments 
was to reduce the colour to the acceptable limit for Class A recycled water of 20 Pt-Co. The 
impact of these processes on the effluent organic matter (EfOM) are discussed in terms of 
colour, A254, DOC, fluorescent matter, changes in molecular weight distribution (MWD), 
biodegradability and ecotoxicity. In addition, the kinetics for the loss of colour, A254, DOC, 
and fluorescent humic and fulvic acid-like matter are described.   
 
4.3.1 Effect of treatments on colour, A254 and DOC  
In the previous section, it was found that the colour is more readily reduced than the dissolved 
organic carbon concentration. Similarly in this section, the colour decreased rapidly during all 
treatments (Figure 4-4a). The rate of reduction was lowest for irradiation with UVC alone; 
VUV irradiation resulted in the next lowest decolourisation rate. On addition of hydrogen 
peroxide (16 mg/L), the initial decolourisation rate increased with most colour being removed 
after 30 min, although there was no difference in the rate of colour reduction between the 
solutions containing 16 mg/L H2O2 irradiated with either UVC or VUV. The highest 
decolourisation rate was achieved with UVC/32 mg/L H2O2 where 99% of the colour was 
removed after 120 min, while even after 300 minutes of UVC irradiation the same degree of 
decolourisation was not achieved.    
 
The reduction in A254 corresponded closely to the trends for decolourisation for the different 
treatments (Figure 4-4b). These results illustrated that the A254-absorbing and coloured 
compounds are easily broken down by the UV treatments. After 120 min of UVC irradiation, 
A254 had decreased by 55%; the addition of 32 mg/L H2O2 enhanced the reduction to 69%. 
The removal rate by VUV irradiation was approximately halfway between UVC alone and 
those with addition of hydrogen peroxide.  
 
When hydrogen peroxide was added in the absence of irradiation, there was an initial increase 
in DOC but no change in colour or absorbance over the time tested (180 min) (results not 
shown). The increase in DOC was attributed to the oxidation of fine particulate organic matter 
and colloidal material, resulting in an increase in dissolved organic matter, as in section 4.2. 
Similar initial increases in DOC were observed on irradiation in the presence of hydrogen 
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peroxide, which means that the oxidation rate of these particulates was higher in the presence 
of H2O2 than the oxidation rate by the UV alone treatments.  
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Figure 4-4: (a) Colour removal (b) reduction in A254 by UV-based treatments. Results 
shown are average of duplicate experiments 
 
The large decreases in colour and A254 on exposure to UVC and VUV irradiation in the 
presence of hydrogen peroxide were not accompanied by correspondingly large reductions in 
DOC concentration (Figure 4-5). After 120 min, irradiation with UVC alone produced only a 
3% reduction in DOC, while VUV irradiation led to a 21% reduction. Adding 16 mg/L H2O2 
a) 
b) 
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to the UVC and VUV systems increased the mineralisation to 32% and 35%, respectively, 
after 120 min.  Doubling the H2O2 dose to 32 mg/L further enhanced the mineralisation to 
43% for UVC. Overall, the mineralisation rates decreased in the order: UVC/H2O2 (32 mg/L) 
> VUV/H2O2 (16 mg/L) > UVC/H2O2 (16 mg/L) > VUV > UVC.  
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Figure 4-5: Reduction in DOC following (a) UV and VUV irradiation, (b) UVC and 
VUV irradiation with the addition of H2O2. Results shown are average of duplicate 
experiments 
 
The high specific UV absorbance (SUVA) value of the secondary effluent indicated the 
presence of strongly hydrophobic and high molecular mass organic content of the water 
a) 
b) 
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(Traina et al., 1990). Following the treatments, the SUVA values of the treated effluent were 
decreased in the same order as observed for colour and A254 (Table 4-2).  
 
Table 4-2: Changes in SUVA values during UV-based treatments 
 
Time UVC VUV 
UV/H2O2 
(16 mg/L) 
VUV/H2O2 
(16 mg/L) 
UV/H2O2 
(32 mg/L) 
0 3.65 3.66 3.31 3.24 3.07 
15 3.22 2.83 2.00 2.09 1.48 
30 2.95 2.27 1.37 1.35 0.90 
60 2.53 1.74 0.85 0.79 0.53 
90 2.09 1.24 0.65 0.62 0.45 
120 1.78 0.98 0.53 0.49 0.40 
180 1.27 0.68 - - - 
240 0.98 - - - - 
300 0.79 - - - - 
 
 
 
 
P. PUSPITA     Page 78     July 2012 
4.3.2 Effect of UV-based processes on fluorescence  
Fluorescence Emission Excitation Matrix spectra (EEMs) were employed to monitor the 
changes in the fluorescent matter during each treatment. The high concentration of humic-like 
matter in the secondary effluent is shown as the two large peaks in region V (humic acid-like 
matter, Yex/Xem= 345/430 nm) and region III (fulvic acid-like matter, Yex/Xem= 245/430 nm); 
minor peaks are apparent for aromatic protein in region II and soluble microbial products 
(SMPs) in region IV (Figure 4-6).  
 
 
 
 
 
 
 
 
 
 
 
 
IV 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-6: Excitation-emission spectrum for secondary effluent. Region I (aromatic 
protein I), region II (aromatic protein II), region III (fulvic acid-like), region IV (soluble 
microbial products), region V (humic acid-like) DOC concentration: 11.2 mg/L 
 
All the treatments led to a gradual decrease in the intensity of all the peaks, but at different 
rates. In this case, the reduction in fluorescence intensity indicates the loss of aromatic 
structures (Uyguner and Bekbolet, 2005). The humic acid-like peak disappeared before the 
fulvic acid-like peak, as clearly shown for UVC irradiation (Figure 4-7). The EEMs for VUV-
irradiated samples displayed a similar trend but at a higher rate, with almost complete removal 
of fluorescent matter after 180 min. The addition of hydrogen peroxide greatly increased the 
rate of disappearance, such that complete removal of the peaks was observed after 120 min. 
V 
Humic acid-like 
IV 
SMPs 
II 
AP II 
I 
 AP I 
III 
Fulvic acid-like 
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Figure 4-7: EEM spectra for a) UVC, b) VUV, c) UV/H2O2 16 mg/L, d) VUV/H2O2 16 
mg/L, and e) UV/H2O2 32 mg/L after various treatments times, as indicated 
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These changes were quantitatively analysed using the fluorescence regional integration (FRI) 
technique developed by Chen et al. (2003) which integrates the volume under the EEM 
regions (Figure 4-8).  
 
The humic acid-like matter exhibited the greatest reduction. Photo-oxidation by UVC reduced 
the humic acid-like content by 58% and the fulvic acid-like matter by 25% after 120 min 
(Figure 4-8a); UVC with 32 mg/L H2O2 resulted in the greatest removal of the fluorescent 
organics, achieving 97% and 91% reduction of humic and fulvic acid-like matter, respectively 
(Figure 4-8b). The reduction of the fluorescence of the fulvic acid-like matter was slower than 
for humic acid-like matter. On the other hand, the loss of the SMPs and aromatic protein was 
initially much more rapid; the SMPs were reduced by 75% after 15 min and 91% after 120 
min.  
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Figure 4-8: Change in FRI with irradiation time for (a) UVC and (b) UV/H2O2 32 mg/L; (c) 
composition of the different regions after 120 min of treatment (AP I and II- aromatic proteins, 
FA- fulvic acid-like, SMP-soluble microbial products, HA-humic acid-like) 
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Hence the overall rate of reduction in the fluorescence of the organics was primarily due to 
the losses in the humic and fulvic acid-like matter, which were closely related to the loss of 
colour from the secondary effluent. Figure 4-8c shows the different regions after 120 min 
exposure to the different treatments; the greatest reduction in fluorescence (overall 95%) was 
obtained with UVC with 32 mg/L H2O2.  
 
4.3.3 Changes in molecular weight distribution (LC-OCD) 
LC-OCD can be used to classify DOC into five different chromatographic fractions based on 
the retention time which corresponds to molecular size and thus apparent molecular weight: 
biopolymers (e.g., polysaccharides and proteins, >20,000 Da), humic substances (1,000-
20,000 Da), building blocks (breakdown products of humic substances, 300-500 Da), and the 
low molecular weight compounds which include the low molecular weight acids and low 
molecular weight neutrals (e.g., alcohols, aldehydes, ketones, amino acids, <350 Da) (Huber 
and Frimmel, 1996). The secondary effluent displayed a distinctive peak for the humic 
substances, which contributed 45% of the total DOC, whereas the building blocks contributed 
20%, the biopolymers about 10%, and the remainder comprised lower molecular weight 
compounds (Figure 4-9).  
 
The concentration of biopolymers and humic substances decreased over the irradiation period. 
After 120 min UVC irradiation, the formation of lower molecular weight acids and neutrals 
was apparent. After 300 min, further breakdown of humics resulted in an elevated 
concentration of building blocks and LMW acids, although the concentration of LMW 
neutrals was decreased (Figure 4-9a). Similar changes occurred for VUV irradiation, but at a 
higher rate. After 120 min, 20% of the humics remained, high concentrations of building 
blocks and LMW acids were present, and some of the LMW neutrals were mineralised. The 
addition of hydrogen peroxide to the UV and VUV systems caused further degradation of 
humics, and lower concentrations of LMW acids were produced after 120 min exposure. 
Lower concentrations of humics were observed with the VUV system, while addition of 
hydrogen peroxide resulted in a lower concentration of LMW species (Figure 4-9b). The 
significant reduction of humics observed in LC-OCD and fluorescence EEMs (section 4.3.2) 
closely corresponded to the loss of colour (section 4.3.1) from the secondary effluent. Hence, 
it implies that the humic substances are the major colour-causing compounds in the secondary 
effluent.  
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Figure 4-9: (a) OCD response during UVC irradiation, (b) Comparison of OCD 
response for the different systems at final irradiation time 
a) 
b) 
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4.3.4 Biodegradability of treated samples 
Reductions in the aromaticity and presence of conjugated bonds, as well as the formation of 
LMW compounds by the UV-based treatments, are generally accompanied by an increase in 
the biodegradability (Frimmel, 1994; Tranvik, 1998; Buchanan et al., 2008). To monitor the 
change in the biodegradability, the BDOC method adapted from Joret and Levi (1986) was 
employed.   
 
Increased UVC irradiation led to increased biodegradability, the initial value of 10% (1.1 
mg/L) rising to 21% after 120 min and 34% after 300 min (Figure 4-10). It was also observed 
that the increase in the BDOC during UVC treatment was inversely proportional to the A254 
values (Figure 4-11). VUV irradiation was slightly more effective, improving the 
biodegradability to 25% after 120 min; after this time, the biodegradable portion of the 
remaining organics decreased as more of these organics were converted to carbon dioxide. 
The addition of hydrogen peroxide further enhanced the biodegradability of the effluent, 
doubling the biodegradable portion after 120 min and increasing it to 40% for UVC with 32 
mg/L H2O2.  
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Figure 4-10: Change in biodegradability by (a) UVC, (b) VUV,( c) UV/H2O2 32 mg/L  and (d) 
VUV/H2O2 16 mg/L treatment. RDOC denotes the refractory DOC.  
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Figure 4-11: Relationship between BDOC of the remaining organics vs A254 for UVC 
treated secondary effluent 
4.3.5 Ecotoxicity 
Two different methods were used to assess the ecotoxicity of the sample before and after 
treatment: Microtox® tests and a Hydra hexactinella assay. The EC50 values obtained for the 
Microtox® assay showed that neither the raw effluent, nor the effluent after UV treatment for 
various periods (UVC 120, UVC 300, VUV 60, VUV 180, UV/H2O2 32 mg/L 45, UVC/H2O2 
32 mg/L 120 min) was toxic (± 95% confidence interval). The LC50 values for the H. 
hexactinella assays for all exposure times for all samples also indicated lack of toxicity (± 
95% confidence interval); however all the treated samples did induce a sub-lethal response 
(EC50 at 96 h was 5.85-61.2%). The tabulated results and information on the hydra test can be 
found in Appendix 1.  
 
4.3.6 Kinetics 
4.3.6.1 Loss of colour 
When the effluent was subjected to UV-based treatment, the rate of colour removal followed 
first order kinetics over the course of irradiation. First order kinetics are given by Equation 4-
1, where C1 and Cr are the proportions of colour associated with the reacting species and the 
refractory species, respectively, and Ct is the normalised colour (C/Co) at time (t): 
C(t) = C1 exp –kt + Cr                                                Equation 4-1 
Addition of hydrogen peroxide led to an increased rate constant, the constant increasing in 
proportion with the hydrogen peroxide concentration (Table 4-3). A small fraction of coloured 
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material remained, refractory to the conditions used.  The rates were similar to those obtained 
by Park et al. (2005), who observed a rate constant of 0.087/min for the optimum dose of 44.3 
mg/L to treat secondary effluent samples. Based on the obtained rate constant, in the presence 
of 32 mg/L hydrogen peroxide, the efficiency of the colour removal was improved by 13 
times compared to UVC irradiation.   
 
Table 4-3: Constants to model the kinetics for decolourisation, loss of A254 and DOC 
  
Treatment C1(o)  
k1(o) 
(min-1) C2(o) 
k2(o)  
(min-1) Cr(o) R2 
Colour 
UVC 0.98 0.0073 - - 0.02 0.9996 
VUV 0.97 0.018 - - 0.03 0.9977 
UV/H2O2 16 mg/L 0.97 0.049 - - 0.03 0.9957 
VUV/H2O2 16 mg/L 0.97 0.050 - - 0.03 0.9959 
UV/H2O2 32 mg/L 0.99 0.095 - - 0.01 0.9957 
A254 
UVC 0.86 0.0073 0.05 0.2 0.09 0.9998 
VUV 0.74 0.013 0.19 0.08 0.07 0.9994 
UV/H2O2 16 mg/L 0.73 0.052 0.27 0.007 - 0.9992 
VUV/H2O2 16 mg/L 0.70 0.056 0.30 0.009 - 0.9976 
UV/H2O2 32 mg/L 0.84 0.076 0.16 0.005 - 0.9996 
DOC 
UVC 0.15 0.0069 - - 0.85 0.9845 
VUV 0.38 0.006 - - 0.62 0.9914 
UV/H2O2 16 mg/L 0.26 0.020 - - 0.74 0.9918 
VUV/H2O2 16 mg/L 0.37 0.014 - - 0.63 0.9882 
UV/H2O2 32 mg/L 0.35 0.035 - - 0.65 0.9973 
Note: Data fitted to the model using Sigma Plot, the average standard error is within 16% 
for C and k values. Number of significant figures was determined by the standard error, 
which is provided in Appendix 3. When using UVC irradiation alone, the bulk of the A254-
absorbing species were slow reacting. 
 
4.3.6.2 Loss of A254 
The breakdown of NOM by VUV irradiation was modelled using first order parallel kinetics 
by Thomson et al. (2002), and was attributed to the action of the hydroxyl radicals (produced 
by radiation at 185 nm) superimposed on the conjugated bond cleavage induced by radiation 
at 254 nm, since the VUV lamp used produces radiation at both wavelengths.  
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The results of the present study were modelled using the same equation (Equation 4-2) for 
parallel kinetics used by Thomson et al. (2002):  
C(t) = C1 exp –k1t + C2 exp –k2t  + Cr                Equation 4-2 
Where C1 corresponds to the proportion of absorbance, concentration or colour of the species 
correlated to k1, C2 corresponds to these parameters for the species correlated to k2 and Cr 
denotes these parameters for the remaining (or refractory) material. The values calculated for 
each of these variables and the rate constants are given in Table 4-3.   
 
When using UVC irradiation alone, the bulk of the A254-absorbing species was slow reacting, 
with only a small proportion of fast reacting components. Some material was refractory.  
When the sample was treated with systems that generate hydroxyl radicals, most of the A254-
absorbing species reacted quickly, no material was refractory and so the A254 was reduced to 
zero. The k1 values were significantly enhanced by the addition of hydrogen peroxide, and 
doubling its concentration effectively doubled the reaction rate. 
 
Figure 4-12 clearly shows two processes in the systems to which peroxide was added. There 
was an initial rapid decrease in both colour and A254 (Figure 4-4) over the first 30-45 min. The 
reduction in rate of reaction closely corresponds to the point at which most of the peroxide 
residual had been consumed.  
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Figure 4-12: Residual hydrogen peroxide during UV irradiation 
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4.3.6.3 Reduction of DOC 
The mineralisation rates for the UV-based systems can be approximated by first order kinetics 
by incorporating refractory material in the model as shown in Equation 4-1. The reaction rate 
constants were increased on addition of hydrogen peroxide (Table 4-3). Removal of DOC by 
the VUV systems resulted in less refractory material; this was attributed to the constant 
production of hydroxyl radicals from the photolysis of water by the 185 nm component of the 
VUV radiation. 
 
4.3.6.4 Reduction of fluorescence of humic acid-like and fulvic acid-like 
matter 
The kinetics of the loss of fluorescence of the humic acid-like and fulvic acid-like matter were 
calculated from the FRI results and showed different behaviour.  The breakdown of humic 
acid-like matter could be approximated using the same model as for the loss of A254, but 
without the presence of refractory material, except for UVC irradiation (Table 4-4). On the 
other hand, the loss of fluorescence for the fulvic acid-like matter was best described by a 
single first order reaction with the inclusion of some refractory matter.  
 
Table 4-4: Constants to model the kinetics of loss of fluorescence of humic acid-like and 
fulvic acid-like matter 
  
Treatment C1(o)  
k1(o) 
(/min) C2(o) 
k2(o) 
 (/min) Cr(o) R2 
Humic 
acid-
like 
UV 0.82 0.011 - - 0.18 0.9941 
VUV 0.47 0.139 0.53 0.0118 - 0.9819 
UV/H2O2 16 mg/L 0.78 0.097 0.22 0.009 - 0.9998 
VUV/H2O2 16 mg/L 0.62 0.19 0.38 0.019 - 0.9993 
UV/H2O2 32 mg/L 0.90 0.11 0.10 0.009 - 0.9995 
Fulvic 
acid-
like 
UV 1.00 0.0024 - - - 0.985 
VUV 0.82 0.0199 - - 0.18 0.9798 
UV/H2O2 16 mg/L 0.82 0.055 - - 0.18 0.9945 
VUV/H2O2 16 mg/L 0.84 0.056 - - 0.16 0.9846 
UV/H2O2 32 mg/L 0.90 0.074 - - 0.10 0.9998 
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Note: Data fitted to the model using Sigma Plot, the average standard error is within 14% for 
C and k values. Number of significant figures was determined by the standard error, which is 
provided in Appendix 3. 
 
4.3.7 Discussion 
The secondary effluent originating from the wastewater treatment process was shown to 
contain a significant concentration of organic compounds, in particular humic substances. 
Melanoidins, humic-like substances which came from fermentation industry waste also 
contributed to the humic content of the effluent. On UVC irradiation, the higher molecular 
weight compounds, including the chromophoric humic acid-like substances which contributed 
to the brown colour of the effluent, strongly absorbed the radiation and were degraded, 
resulting in the loss of A254 and simultaneous loss of colour. The low molecular weight 
organic acids so-formed were then mineralised by further irradiation.  
 
Photo-degradation by UVC alone resulted in the least extent of mineralisation compared with 
systems in which HO• was involved. The SUVA value (Table 4-2) was reduced by 80% after 
300 minutes of UVC irradiation demonstrating that the organic compounds were transformed 
to less aromatic configurations. This finding is consistent with the observation by Frimmel 
(1994) who suggested the pathways of photoreactions for converting humic substances to 
reactive and rapidly reactive species which initiate the photoreaction process.  
 
When VUV irradiation was employed, photolysis of water took place generating hydroxyl 
radicals leading to higher rates for decolourisation, DOC and A254 removal. The presence of 
hydrogen peroxide during irradiation further increased the rate and extent of mineralisation 
due to the increased production of hydroxyl radicals formed when H2O2 is exposed to UV 
radiation (Legrini et al., 1993). Although higher doses of H2O2 mean increasing 
concentrations of hydroxyl radicals available to react with the organics, there are some 
limitations. Wang et al. (2000) reported the scavenging effect of excess H2O2 where it reacts 
with HO•, inhibiting the oxidation process and reducing the light intensity at higher H2O2 
concentrations. This, however, was not observed in the present study since the reaction rate 
constant for UVC/32 mg/L H2O2 was approximately double that for  UVC/16 mg/L H2O2. The 
UVC and VUV lamps performed with similar efficiency at  the  H2O2 concentration of 16 
mg/L; this was similar to that reported by Thomson et al. (2002) where at H2O2 doses greater 
than 15 mg/L the benefit of in situ production of HO• was lost.  
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Furthermore, given the complex matrix under investigation (Table 4-1), other dissolved solids 
present in the water such as carbonate, bicarbonate, nitrite and bromide may potentially act as 
oxidant scavengers as they consume the hydroxyl radicals. However, the scavenging effect is 
not significant for low alkalinity water (Wang et al., 2000), such as the secondary effluent 
used in this work (alkalinity: 110 mg/L CaCO3). Their removal prior to the treatment might be 
necessary if they are present in high concentration (>400 mg/L) to prevent the negative effect 
on the treatment process. On the other hand, photolysis of nitrate in the absence of H2O2 
would lead to the generation of HO•. However, when H2O2 is added, nitrate acts as an inner 
filter and reduces the process efficiency (Sörensen and Frimmel, 1997; Song et al., 2008). 
This effect will be evident only when the nitrate is present at high concentration (>10 mg/L).  
 
Parallel first order kinetics were used to model the reduction in A254 and breakdown of humic 
acid-like material, demonstrating the presence of a mixture of fast reacting and slow reacting 
chromophores with some refractory material. These findings agree with those of Andrews et 
al. (2000) and Thomson et al. (2002) who suggested the idea of different groups of 
chromophores in NOM having different quantum yields and extinction coefficients for photo-
oxidative reactions. In contrast, the loss of colour and the breakdown of fulvic acid-like 
matter was best described by a single first order reaction, where only a single group is 
reacting in the presence of a non-reacting species which remained in the water. However, the 
rate constants will be affected by the operating process parameters such as the initial H2O2 
concentration, UV radiation intensity, and pH, as well as the water quality such as the 
presence of carbonate and bicarbonate ions (Crittenden et al., 1999). 
 
The AOPs altered the structure and composition of the organic compounds in the secondary 
effluent which was verified by the LC-OCD chromatograms. The average apparent molecular 
weight of the organic matter in the treated effluent decreased as lower MW organic 
compounds were formed during the treatments. The concentration of humic substances in the 
treated water was substantially reduced (by 65-80%), accompanied by an increasing 
concentration of LMW compounds which were removed on further irradiation. The LMW 
compounds have been identified previously as carboxylic acids and carbonyl compounds 
(Frimmel, 1994; Kulovaara et al., 1996; Lepane et al., 2003).  
 
As shown by LC-OCD chromatograms, the loss of humics followed a similar pattern to the 
loss of colour and A254, confirming that humics and humic-like compounds such as 
melanoidins were responsible for the colour in the effluent. The final chromatograms for 
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treated effluent demonstrated the different impact of each treatment. It was observed that the 
remaining concentration of the LMW compounds in the hydrogen peroxide-containing 
systems was lower than for either UVC or VUV irradiation alone (Figure 4-9) as longer UV 
exposure and higher oxidant dose degraded the intermediate and more resistant LMW 
compounds. 
 
The smaller intermediate products generated from the breakdown of the humic matter, such as 
aldehydes and carboxylic acids, are more biodegradable than the parent compounds (Goslan 
et al., 2006). For UVC, the increase in biodegradation of the treated effluent with increasing 
irradiation was inversely proportional to the loss of A254 (Figure 4-11). However, in the 
systems where hydroxyl radicals were present, this relationship was valid only up to a point at 
which increasing exposure time led to a relative decrease in formation of BDOC compared 
with mineralisation. The hydroxyl radicals, which primarily attacked the larger molecules, 
would also oxidise the smaller more biodegradable DOC reducing the fraction available for 
biodegradation. Hence, integration of UV-based treatment with a downstream biological unit 
may result in enhanced effectiveness for overall treatment performance (in terms of both 
colour and DOC removal), as it would enable the removal of the biodegradable intermediates. 
It would also reduce the energy required for irradiation. 
 
EEM spectra also demonstrated the gradual breakdown of humic acid-like and fulvic acid-like 
matter during irradiation, consistent with the removal of colour and A254. The humic acid-like 
and fulvic acid-like peaks took the longest time to be removed as they comprised the major 
component (87%) of the fluorescent matter. The rates obtained from the FRI results were 
comparable with the k values for colour and A254 removal in that the relative reaction rates for 
the various UV treatments were the same.  
 
Electrical energy per order (EE/O) values provide a basis for comparing the cost efficiency of 
photochemically-based processes. It is defined as the electrical energy in kWh required to 
reduce the concentration of a pollutant by one order of magnitude in 1000 L of water. In this 
study, colour was targeted as the pollutant and was to be reduced to 20 Pt-Co to fulfil the 
requirement for this particular recycled water. By employing the rate constants obtained for 
these UV-based processes, the time required to achieve the colour target can be determined 
for the calculations of the EE/O for each of these processes (Table 4-5).  
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Table 4-5: EE/O values to achieve target colour of 20 Pt-Co units according to 
irradiation time based on the kinetics data 
Treatment 
Time 
(min) 
EE/O  
(kWh/m3/order) 
UVC 225.7 37.5 
VUV 96.4 16.0 
UV/H2O2 16 mg/L 34.2 5.7 
VUV/H2O2 16 mg/L 33.3 5.5 
UV/H2O2 32 mg/L 17.1 2.8 
 
Comparison of  the EE/O values (Table 4-5) shows that the UVC and VUV irradiation 
process cannot be considered cost effective since the EE/O value exceeds the recommended 
value of 10 kWh/m3/order for an economically favourable process (Goslan et al., 2006). 
Addition of hydrogen peroxide to the irradiation system greatly enhanced the efficiency since 
it required less time (15-30 min) to achieve the targeted colour reduction. When treatment was 
stopped at this stage, biodegradable products were generated and could be removed in 
subsequent biological treatment, improving the overall process efficiency and performance.  
 
4.4 Summary of Chapter 4 
The organic matter of the secondary effluent collected from a local WWTP exhibited a 
weekly pattern due to the influence of the industrial input of humic-like matter, melanoidins, 
from a fermentation facility. The colour and associated parameters (A254, DOC, and COD) 
increased during the week from Monday to Friday and then decreased over the weekend. The 
four UV-mediated systems: UVC, UVC/H2O2, VUV and VUV/H2O2, were able to provide a 
high degree of decolourisation of the secondary effluent for all the initial colour 
concentrations. The systems which support the production of hydroxyl radicals were shown to 
be more effective for improving the quality of the secondary effluent compared with direct 
UVC photolysis.  
 
When the same concentration of hydrogen peroxide was added to either the UV or VUV 
system, similar overall removal of organics was observed. Doubling the dose of hydrogen 
peroxide with UVC irradiation led to improved, although not proportionally greater, overall 
performance.  
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Loss of colour, DOC and fulvic acid-like compounds followed first order kinetics. Parallel 
first order kinetics were able to model the rate of loss of A254 and humic acid-like compounds 
for the systems involving the production of hydroxyl radicals. 
 
FRI analysis and size exclusion chromatography demonstrated that the loss of colour was due 
to the breakdown of the high molecular weight humic acid-like material to lower molecular 
weight compounds. These lower molecular weight products were shown to be more 
biodegradable, and demonstrate the applicability of a subsequent biological treatment to 
further remove the DOC from the effluent.  
 
The addition of hydrogen peroxide makes the UV-mediated decolourisation process more 
economically feasible. Overall performance of the UV-based treatments in terms of reduction 
in colour, A254, DOC (and thus EE/O) decreased in the order: UV/H2O2 (32 mg/L) > 
VUV/H2O2 (16 mg/L) > UV/H2O2 (16 mg/L) > VUV > UVC.  
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Chapter 5- Decolourisation of secondary effluent by ozone-based 
treatments and its subsequent effect on its organic properties 
 
This chapter investigates the efficacy of ozone-based treatments to remove the colour from 
the secondary effluent. The effluent was subjected to different conditions of ozonation: 
various inlet ozone concentrations, pH and the addition of hydrogen peroxide at various 
concentrations. The impact of these processes on the dissolved organic carbon, chemical 
oxygen demand, molecular weight distribution, fluorescence properties and biodegradability 
as well as the performance efficiency are discussed. Lastly, the electrical energy input 
required is compared with the previous UV-based treatments.  
 
5.1 Initial ozonation runs 
At the beginning of this study, experiments with various inlet ozone concentrations were 
trialled to investigate their impact on the ozonation performance for colour removal. During 
these preliminary experiments, ozonation was carried out in a 2 L glass vessel operated in 
semi-batch mode, filled with the secondary effluent of high colour concentration (98-115 
mg/L Pt-Co). The ozone gas was bubbled continuously through a ring sparger at a constant 
flow of 40 L/h with continuous mixing at 100 rpm.   
 
The colour compounds in the secondary effluent reacted readily with the ozone, as indicated 
by the rapid decrease of colour, and the rate of decolourisation increased with increasing inlet 
concentration (Figure 5-1). When the ozone concentration was increased from 5 to 12 mg/L, 
the time required to achieve 80% removal of colour was shortened from 25 minutes to 10 
minutes for 5 and 12 mg/L, respectively. Thus the higher inlet ozone concentration increased 
the driving force for ozone gas mass transfer to the liquid, which controls the reaction rate in 
this phase. The ozone was rapidly consumed upon its introduction into the liquid, following a 
fast or instantaneous reaction regime, and hence the dissolved ozone concentration was 
effectively zero. Difference in performance at various ozone concentrations was particularly 
apparent during the initial ozone period (0-15 minutes), and was much reduced after 30 
minutes. More than 80% of the initial colour was removed after 30 minutes for all ozone 
concentrations. Based on these observations, runs at inlet ozone concentration (
3O
c ) of 5, 8 
and 10 mg/L were performed to further investigate ozonation of the secondary effluent.  
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Figure 5-1: Decolourisation of secondary effluent with different inlet ozone 
concentrations, 
3O
c  
 
For the subsequent experiments, a slightly different ozonation set-up was employed. It had an 
identical working capacity of 2 L, but ozone was introduced via a glass fritted diffuser at the 
bottom of the reactor. Probes for measuring pH and dissolved ozone were fitted through the 
side of the reactor (see section 3.3.3 for details). Preliminary trials were conducted and 
ensured that comparable performance to the previous rig was achieved. 
 
5.2 Profile of ozone concentration during treatment 
Further experiments were performed based on the results above, using inlet ozone 
concentrations of 5, 8 and 10 mg/L. The characteristics of the effluent samples are given in 
Table 5-1. The first sample had lower colour and organic content than the other two samples.  
 
For the first sample, investigation of the effect of the different inlet ozone concentration was 
performed. For the second sample, the impact of the different inlet ozone concentrations as 
well as the effect of initial pH (4, 7 and 10) and addition of H2O2 (8-32 mg/L) was examined. 
For the third sample, experiments at different pH, and after addition of hydrogen peroxide at 
neutral pH and alkaline pH, were carried out at the same inlet ozone concentration (8 mg/L). 
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Table 5-1: Characteristics of secondary effluent used in ozonation experiments 
Collection date 01/06/2010 09/07/2010 23/10/2010 
pH 7.4±0.2 7.4±0.1 7.3±0.3 
Colour (Pt-Co) 91±2 147±3 112±3 
A254 (/cm) 0.372±0.026 0.484±0.008 0.408±0.004 
DOC (mgC/L) 11.7±0.4 14.9±0.2 17.4±0.3 
COD (mg/L) 45±1 56±1 54±1 
Turbidity (NTU) 16 25 38 
 
 
The concentrations of inlet and outlet ozone, as well as dissolved ozone, were monitored 
continuously during each experiment to estimate the amount of ozone consumed by the 
reaction. During ozonation of the secondary effluent, the outlet ozone concentration increased 
rapidly during the first 3 minutes, and then levelled off approaching the inlet ozone 
concentration (Figure 5-2a). Similarly, at higher inlet concentration, the outlet ozone 
concentration rapidly increased within the first 10 minutes (Figure 5-2b). The applied ozone 
dose (I) was calculated using Equation 5-1 (Gottschalk et al., 2010): 
 
dtc
V
QI
t
GO
L
G∫=
0
.      Equation 5-1 
 
Where QG is the ozone gas flow rate (L/h), VL is the volume of the treated sample (L), cGO 
(mg/L) is the concentration of ozone in the gas stream and t is the ozonation time (mins).  
Equation 5-2 was used to calculate the transferred ozone dose(A), where cGE is the 
concentration of ozone in the off-gas (Gottschalk et al., 2010).  
( )dtcc
V
QA
t
GEGO
L
G∫ −=
0
.     Equation 5-2 
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Figure 5-2: Ozone gas concentration (mg/L air) profile with time a) 
3O
c = 5 mg/L, b) 
3O
c = 8 mg/L (samples collected on 01/06 and 09/07/2010) 
 
As Gottschalk et al. (2010) note, dissolved ozone appears after the target compound is almost 
eliminated or when the ozone–consuming compounds in the sample have been oxidised. 
Under the same ozonation conditions, the time of appearance and concentration of the 
dissolved ozone depends greatly on the water composition and the amount of organics in the 
water water (Paraskeva and Graham, 2005). In this study, no dissolved ozone was detected 
until after 30 minutes of ozonation with inlet concentration of 5 mg/L (Figure 5-3a). Hence, 
ozone was consumed rapidly upon introduction by the organics, and the reaction occurred in 
the liquid film (Gottschalk et al., 2010).  The rates of ozone consumption decreased with the 
disappearance of the reacting species (see section 5.3.1) and steadied as dissolved ozone was 
a) 
b) 
P. PUSPITA     Page 97     July 2012 
detected with increasing concentration. When a higher inlet concentration of ozone was 
applied, dissolved ozone appeared sooner due to more rapid oxidation of the organics. At inlet 
ozone concentration of 8 mg/L, dissolved ozone was apparent after 20 minutes and at inlet 
concentration of 10 mg/L, it was apparent after 7 minutes. As dissolved ozone was detected 
and its concentration approached the maximum value, the process would shift from a mass 
transfer-controlled reaction to a chemical kinetics-controlled reaction (Gottschalk et al., 
2010). Both reactions can happen simultaneously, and the chemical reaction would 
predominate when the direct reaction occurred between ozone and the targeted pollutants at a 
low rate (Gottschalk et al., 2010). 
 
 
Figure 5-3: Dissolved ozone concentration with time at a) different inlet ozone 
concentration, b) different pH conditions for ozone inlet concentration of 8 mg/L 
(samples collected on 09/07/2010) 
a) 
b) 
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Under alkaline conditions (pH 10), ozone decomposition was accelerated, leading to an 
indirect reaction pathway via the formation of hydroxyl radicals as described by Gottschalk et 
al. (2010). As a result, dissolved ozone was detected later than at neutral or acidic pH (Figure 
5-3b). At pH 4, less ozone decomposes and the direct reaction would dominate. 
Consequently, dissolved ozone appeared sooner and its concentration increased faster than at 
higher pH. No or very little dissolved ozone was detected after 60 minutes in the system 
where hydrogen peroxide was added as it continuously decomposes in the presence of 
hydrogen peroxide which act as an initiator as shown in Equation 2-15. 
 
By monitoring the concentration of ozone in gas and liquid phases throughout the semi-batch 
process, it can be seen that the kinetics of ozonation vary from fast to slow. Initially, a 
fast/instantaneous reaction took place between ozone and the fast reacting compounds. Ozone 
reacted immediately and was entirely consumed; hence no residual ozone was detected in the 
liquid. In this regime, oxidation is assumed to be due to direct reaction taking place at the 
surface of the bubble, and so was mainly limited by mass transfer (Gottschalk et al., 2010). As 
the concentration of these compounds was reduced, the reaction rate slowed and transition 
from the fast to moderate kinetic regime took place. With prolonged ozonation, the kinetics 
shifted from moderate to slow as the concentration of residual ozone continued to increase.  
 
5.3 Impact of ozonation of secondary effluent on the properties of the 
organic matter  
The impact of ozone-based treatments for the removal of colour from the secondary effluent 
was analysed by monitoring the changes in colour as well as A254, DOC and COD, 
fluorescence EEMs, molecular weight distribution (LC-OCD), biodegradability and 
ecotoxicity.  
5.3.1 Colour removal and loss of A254 during ozonation 
Ozonation was found to be effective and rapid for removing colour from the secondary 
effluent. The treatment goal was to achieve the colour target of 20 mg/L Pt-Co, which was 
equivalent to around 80% removal. After 10 minutes at 5 mg/L inlet ozone concentration, 
50% of the colour was degraded, while increasing the inlet ozone concentration to 8 and 10 
mg/L improved the colour removal to 62% and 65%, respectively. After 60 minutes, the three 
different inlet ozone concentrations resulted in a similar overall colour removal of 90%. 
Based on these observations, 8 mg/L inlet ozone concentration was selected to further test the 
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effect of pH and the addition of hydrogen peroxide on the overall performance. Hydrogen 
peroxide was added at comparable doses used in the UV-based experiments (Chapter 4) to 
allow comparison between the two processes.  
   
  
Figure 5-4: Decolourisation during ozonation for a) different inlet ozone concentrations, 
b) different pH conditions at 
3O
c = 8 mg/L and c) addition of different H2O2 
concentrations at 
3O
c = 8 mg/L. Results plotted are an average of 3 runs. 
 
It can be seen from Figure 5-4, that for all inlet ozone concentrations there was an initial rapid 
loss of colour which diminished after 15-20 minutes, when the bulk of colour had been 
removed. Different pH values affected the removal efficiency (Figure 5-4b). A slightly higher 
degree of decolourisation was achieved at pH 10, which was most evident during the initial 
stage, as more than 60% of the colour was removed after 5 minutes. At this pH, the colour 
target was achieved after 10 minutes, while almost double the reaction time was required for 
the same degree of removal at pH 4.  
a) b) 
c) 
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The addition of hydrogen peroxide at 8 and 16 mg/L slightly accelerated the removal rate, 
particularly over the first 5 minutes where more than half of the colour was removed, however 
very little further improvement was obtained when hydrogen peroxide was added under 
alkaline conditions (Figure 5-4c). Overall, 97% decolourisation was achieved with addition of 
16 mg/L H2O2 after 60 minutes ozonation at pH 10. At high pH hydrogen peroxide loses its 
stability as it dissociates to HO2- promoting the formation of hydroxyl radicals. Nevertheless, 
in the presence of 32 mg/L H2O2, the decolourisation rate diminished resulting in the lowest 
removal compared with the lower doses of H2O2 implying the presence of excess H2O2 
leading to consumption of the HO• thus reducing the reaction between the radicals and the 
compounds. 
 
The decrease in A254 indicated the loss of aromatic structures and unsaturated double and 
triple bonds from the organics due to ozone direct attack on carbon double bond compounds 
in the secondary effluent, i.e., the Criegee mechanism. More rapid reduction was achieved 
with higher inlet ozone concentration, although an overall removal of ≥65% was achieved 
after 60 minutes for the different ozone doses (Figure 5-5a). Under alkaline conditions, a 
small enhancement of the initial rate was observed and was attributed to the increasing 
influence of the indirect mechanism due to a higher rate of ozone decomposition. Only a 
small difference in the removal rate of A254 occurred between ozonation at pH 4 and 7 (Figure 
5-5b).  
 
As for colour, there was no distinct improvement in the reduction of A254 by the addition of 
hydrogen peroxide to ozonation (Figure 5-5c). Furthermore, the apparent overdose effect at 
32 mg/L H2O2 was observed as before. The observed rapid reduction was consistent with 
findings by other researchers. Song et al. (2010) reported that at ozone dose of 3 mg/L, 10 
minutes ozonation resulted in A254 reduction of 71% in surface water treatment. For the 
treatment of biologically treated wastewater effluent, Wang and Pai (2001) obtained 40% 
reduction for the same ozone dose and ozonation time.  
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Figure 5-5: Reduction in A254 during ozonation for a) different inlet ozone 
concentrations, b) different pH conditions at 
3O
c = 8 mg/L and c) addition of different 
H2O2 concentration at 
3O
c = 8 mg/L. Results plotted are an average of 3 runs. 
 
5.3.2 Changes in DOC and COD 
The DOC level was largely unaffected by ozonation indicating that only partial oxidation of 
organics took place. During ozonation alone, DOC concentrations increased slightly and then 
fluctuated, no clear trend was observed. DOC reduction for samples collected on different 
days varied considerably depending on their turbidity. Overall, 5-15% of DOC was 
mineralised with ozonation alone at inlet concentrations of 5 and 8 mg/L after 60 minutes 
(Figure 5-6). Greater initial increases in DOC concentrations were observed for samples that 
had higher turbidity as there were more colloids and particulates to be converted into 
a) b) 
c) 
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dissolved compounds that contributed to the increase in DOC. A small increase in DOC 
reduction was observed for ozonation under alkaline conditions where around 20% DOC was 
mineralised, and it increased further by 5% with the addition of hydrogen peroxide. Wang and 
Pai (2001) reported similar initial increases and overall removal of 15% DOC for the same 
contact time.  
 
  
Figure 5-6: Changes in DOC concentration during ozonation for a) different inlet 
concentration and b) different pH and addition of H2O2 at 
3O
c = 8 mg/L. Results plotted 
are for sample collected in 23/10/2010.  
 
In contrast, ozonation had a marked positive effect on COD reduction and higher inlet ozone 
concentrations led to greater and faster COD removal, up to 40% for 8 mg/L compared with 
33% for 5 mg/L after 50 minutes (Figure 5-7). There was a trend toward enhanced COD 
reduction with increasing pH. Addition of hydrogen peroxide led to more rapid reductions; 
increasing the dose from 8 to 16 mg/L marginally increased the COD removal by about 8%. 
Similar observations were reported by Domenjoud et al. (2011) where 44% COD was 
removed after ozonation of secondary effluent from a conventional activated sludge process 
for 90 minutes. The total ozone dose transferred after 90 mins was 1.3 g/L compared with 0.1 
g/L used in this study. They also found that the addition of H2O2 during ozonation did not 
significantly improve the COD reduction compared with ozone alone.  
 
a) b) 
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Figure 5-7: Changes in COD concentration during ozonation at a) different inlet 
concentrations and b) different pH at 
3O
c = 8 mg/L and c) addition of H2O2 at 
3O
c = 8 
mg/L. Results plotted are an average of 3 runs. 
 
5.3.3 Changes in Fluorescence EEMS 
The EEM spectra of the organics in the effluent before and during ozonation at 8 mg/L ozone 
inlet concentration are shown in Figure 5-8. They clearly demonstrate that the dominant 
fluorescent species in the secondary effluent (exhibited by the two distinct peaks at Yex/Xem 
230-250/420-460 nm and 335-365/430-460 nm which correspond to the fulvic and humic 
acid-like matter, respectively) were reduced progressively during ozonation. Similar to the 
UV-based experiments, the fluorescence of the humic acid-like matter (which is made up of 
larger compounds compared with fulvic acid-like matter) disappeared more rapidly.  
 
a) b) 
c) 
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Figure 5-8: Changes in EEM spectra during ozonation with ozone inlet concentration of 
8 mg/L 
 
As for colour, A254 and COD, higher inlet ozone concentration (and so dose) increased the 
rate of disappearance of the fluorescent matter, with only minor improvement on addition of 
hydrogen peroxide and ozonation under alkaline conditions. Quantification of the changes in 
the fluorescent matter by the FRI method showed that after 60 minutes, the volume of the 
humic acid-like matter was decreased by around 90%, with similar trends as observed for 
decolourisation (Figure 5-9). Likewise, around 88-90% reduction of fulvic acid-like matter 
was achieved. Slight increases in the reductions were obtained when ozonation was performed 
at pH 10 where the humic acid-like matter was reduced by 93%, while lower pH did not result 
in any marked changes. The other species, such as the aromatic proteins and SMPs, were 
generally reduced by ozonation. Addition of hydrogen peroxide only gave slight increase in 
the overall removal, while doubling the initial concentration of hydrogen peroxide did not 
contribute to improvement in the removal of humic and fulvic acid-like matter, hydrogen 
peroxide at 8 and 16 mg/L gave similar removal rates for these fluorescent species.  
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Figure 5-9: FRI volumes during ozonation at reaction different times (mins) with a) pH 
7 at 
3O
c = 8 mg/L, b) pH 10 at 
3O
c = 8 mg/L and c) addition of 8 mg/L H2O2 
3O
c = 8 mg/L 
(pH 7). For sample collected in 23/10/2010.  
 
a) 
b) 
c) 
8mg/L 
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5.3.4 Changes in Molecular Weight Distribution (LC-OCD) 
LC-OCD analyses were obtained for untreated and treated effluent following ozonation at 
3O
c  
8 mg/L at pH 7, pH 10 and addition of 16 mg/L hydrogen peroxide. On a DOC basis, the raw 
secondary effluent was composed of about 8% very high molecular weight biopolymers, 40% 
humic substances (HS), 17% building blocks and around 28% of low molecular weight 
compounds, LMW neutrals and acids (Figure 5-10). An increase in the biopolymers and 
humics fraction was observed after 5 mins ozonation, which was contributed by the 
breakdown of the particulates and colloids to dissolved matter in the secondary effluent, after 
which gradual decrease in these fractions was observed. After 60 minutes of ozonation at 8 
mg/L, the concentration of biopolymers was reduced by around 46%. The reduction of around 
35% in high HS fractions was accompanied by an increase in the low HS fraction. An initial 
decrease in building blocks was obtained after 5 mins ozonation after which they gradually 
increased to 35% after 60 mins. A similar initial decrease after 5 minutes was observed for the 
LMW neutrals and acids followed by increasing concentration with increasing ozonation.  
 
Following ozonation at pH 10 and ozonation with the addition of 16 mg/L hydrogen peroxide, 
greater overall reduction of biopolymers was achieved, corresponding to 52% and 62%, 
respectively, after 60 minutes (Figure 5-10b and c). Improved degradation of HMW HS 
(27%) was achieved in the presence 16 mg/L H2O2, compared with 12% at alkaline and 
neutral pH. In contrast to ozonation at pH 7, these processes did not result in the accumulation 
of LMW fractions (building blocks, LMW neutrals and acids). As the concentrations of these 
compounds were reduced during ozonation, these processes were more effective for 
degrading the more refractory LMW compounds, in particular the low molecular weight 
acids. Nevertheless, all treatments led to a large decrease in the aromaticity of the humics (by 
58-66% as given by the SUVA values listed in Table 5-2).  
 
Table 5-2: Changes in SUVA values (L/mg.m) of HS after ozonation at 
3O
c = 8 mg/L. Bio 
indicated sample post-BDOC determination.  
 
Time 
(mins) 
O3- pH 7 O3- pH 10 
O3/H2O2 
16 mg/L 
0 3.95 3.95 3.95 
15 3.19 2.54 2.68 
60 1.58 1.15 1.65 
60+Bio 2.40 2.77 2.74 
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Figure 5-10: Changes in the DOC concentration of each fraction according to LC-OCD 
during ozonation at a) 8 mg/L, b) pH 10 and c) after addition of 16 mg/L  H2O2, Bio 
denotes sample post-BDOC determination. Samples were diluted to 1:6. 
 
a) 
b) 
c) 
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Enhanced biodegradability for all the processes was demonstrated by the significant 
reductions for all fractions following the biodegradation step, particularly for the LMW 
fractions. Following biodegradation, the remaining biopolymers in the sample ozonated at 8 
mg/L were further reduced, so that an overall of removal 62% was observed. About 60% of 
the humics still remained in the treated effluent after the ozone-biodegradation process. The 
elevated levels of the LMW fractions were readily removed by the biodegradation process. 
Building blocks and LMW neutrals were reduced by 75% and 66%, respectively, and no 
quantifiable LMW acids were detected post biodegradation. Similar removals were also 
observed for alkaline ozonation, where biodegradation greatly removed not only the LMW 
fractions (70-80%) but also the HMW biopolymers and HS (50-35%). The biodegradation 
process consumed mainly the compounds with aliphatic structures which were generated by 
the cleavage of the aromatic structures during ozonation, resulting in an increase in SUVA 
values after this process (Table 4-2). 
 
5.3.5 Changes in Biodegradability  
The secondary effluent consisted primarily of refractory DOC with only 14% able to be 
removed biologically. As observed previously, reduction in A254 and SUVA indicated that the 
organic matter in the water became less aromatic and would be more biodegradable, which 
was demonstrated by the significant reductions in all the fractions after biodegradation as 
shown by LC-OCD in the previous section (Figure 5-10). A linear increase (R2= 0.997) in the 
biodegradable proportion of the treated effluent was observed for ozonation at 8 mg/L over 60 
minutes, at which time it was enhanced by ~50% (Figure 5-11a). In contrast to the UV-based 
processes where the biodegradability of the treated water decreased with prolonged oxidation 
due to mineralisation of both the biodegradable and the remaining organic carbon, longer 
ozonation continuously converted the unsaturated compounds to saturated by-products which 
accumulated and very few of which were mineralised.  
 
Consistent with increasing biodegradability with increasing ozonation time, higher 
proportions of biodegradability were achieved with a higher inlet ozone concentration as 
when the concentration was increased from 5 to 8 mg/L, 10% more was produced (Figure 
5-11b). The other treatments generated comparable enhancement where about half of the 
remaining DOC was converted into biodegradable components after 60 minutes. According to 
Swietlik et al. (2004), the major biodegradable oxidation by-products from ozonation of NOM 
are aldehydes (formaldehyde, acetaldehyde, glyoxal, and methyl-glyoxal) and carboxylic 
acids (formic, acetic, oxalic and ketomalonic).  
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Figure 5-11: a) Formation of biodegradable DOC over 60 mins ozonation with 
3O
c = 8 
mg/L for sample collected on 01/06/2010, b) Biodegradable proportion of the untreated 
and treated under various conditions of ozone concentration (5 and 8 mg/L), pH (pH 4 
and 10) and addition of H2O2 at pH 7 (8 and 16 mg/L) for sample collected on 
23/10/2010. RDOC refers to remaining (refractory) DOC to biodegradation under 
conditions used. 
 
5.3.6 Ecotoxicity 
The presence of residual ozone in the effluent following the treatment may pose some toxic 
risks to aquatic life, although this residual decays rapidly to oxygen before entering the 
receiving water system (Paraskeva and Graham, 2002). Increased toxicity could also be 
contributed by the by-products formed from the oxidation process. Previous studies reported 
both increase and decrease in effluent toxicity after ozonation, depending on the nature of the 
toxicity test (Paraskeva and Graham, 2005; Macova et al., 2010; Reungoat et al., 2010). The 
a) 
b) 
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overall effects are generally minor in nature. In this study, toxicity was measured by the 
Microtox® assay. No toxicity was detected in the untreated or effluent treated for 60 minutes. 
5.3.7 Kinetics 
5.3.7.1 Colour and A254 
The kinetics of decolourisation by ozone-based processes can be described by the parallel first 
order law which was previously used to model the loss of A254 by UV-based processes in 
chapter 4 by using Sigmaplot (Equation 5-3): 
tktk
t CCC 21 expexp 21)(
−− +=     Equation 5-3 
 
The bulk of the colour compounds were assigned to the fast reacting species, and the rest 
made up the slow reacting ones (Table 5-3). Prolonged ozonation was capable of removing 
the colour completely, thus no refractory materials were allocated to the model. The ozonation 
rate constants for colour removal were considerably higher than those obtained for the UV-
based processes, e.g., k1= 0.29 /min for O3 at pH 10 compared with 0.095 /min for UV/H2O2 
(32 mg/L).  
 
Table 5-3: Constants to model the loss of colour and A254 by ozone-based treatments  
 
  Treatment C1(o)  k1(o)(/min) C2(o) k2(o) (/min) Cr(o) R2 
Colour 
O3 5 mg/L 0.62 0.130 0.38 0.027 - 0.9993 
O3 8 mg/L 0.85 0.182 0.15 0.015 - 0.9995 
O3 8 mg/L, pH 10 0.73 0.290 0.27 0.032 - 0.9997 
O3 8 mg/L, pH 4 0.82 0.179 0.18 0.012 - 0.9998 
O3/H2O2 8 mg/L 0.74 0.240 0.26 0.023 - 0.9998 
O3/H2O2 16 mg/L 0.76 0.258 0.24 0.024 - 0.9999 
A254 
O3 5 mg/L 0.85 0.025 - - 0.15 0.9991 
O3 8 mg/L 0.79 0.049 - - 0.21 0.9987 
O3 8mg/L, pH 10 0.80 0.048 - - 0.20 0.9969 
O3 8mg/L, pH 4 0.75 0.047 - - 0.25 0.9976 
O3/H2O2 8 mg/L 0.78 0.056 - - 0.22 0.9942 
O3/H2O2 16 mg/L 0.75 0.060 - - 0.25 0.9972 
Note: Data fitted to the model using Sigma Plot, the average standard error is within 19% for C and k 
values. Number of significant figures was determined by the standard error, which is provided in 
Appendix 4.  
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On the other hand, the loss of A254 best fitted first order kinetics incorporating some refractory 
material, Cr representing the remaining species after the majority of these compounds reacted 
with ozone (Equation 5-4). The rate constants obtained were more closely comparable to 
those for UV-based processes. Addition of hydrogen peroxide slightly increased the rate 
constants (from 0.049 to 0.060/min).  
r
tk
t CCC +=
− 1exp1)(      Equation 5-4 
 
From these results, it was apparent that ozone did not decrease A254 as rapidly as the colour. 
Previous research suggested that the by-products generated from ozonation of the aromatic 
compounds can be UV-absorbing (Nothe et al., 2009; Domenjoud et al., 2011), and this was 
so in this study. The humic substances which cause colour in secondary effluent contain not 
only aromatic structures, but also double and triple bonds in cross-linked polymeric bonds 
that are very reactive towards ozone. Ozone rapidly attacks these species located at the outer 
portions of the humic macromolecules leading to rapid loss of colour (Kerc et al., 2003), 
whereas the bonds deep within the molecules can remain intact and so contribute to 
absorbance at 254 nm. 
 
5.3.7.2 DOC and COD 
Breakdown of the suspended particulates caused fluctuations in the DOC concentration, hence 
it was difficult to model mineralisation over the 60 minute ozonation process. The loss of both 
DOC and COD, however, can be approximated by first order kinetics. Table 5-4 lists the 
estimated first order rate constants. Generally, the rate constants for COD were about 4 times 
greater than for DOC.   
 
Table 5-4: First order constants to model the loss of DOC and COD by ozonation 
treatments (based on sample collected on 09/07/2010) 
Treatment 
DOC COD 
C1(o)  k1(o)(/min)) R2 C1(o)  k1(o)(/min)) R2 
O3 5 mg/L 17.4 0.001 0.7683 40.4 0.007 0.9778 
O3 8 mg/L 17.3 0.002 0.9529 38.7 0.011 0.9628 
O3 8 mg/L, pH 10 15.1 0.003 0.9476 29.4 0.012 0.9698 
O3 8 mg/L, pH 4 16.1 0.004 0.9451 31.2 0.012 0.9748 
O3/H2O2 8 mg/L 18.5 0.004 0.9387 39.9 0.015 0.9946 
O3/H2O2 16 mg/L 17.5 0.003 0.9190 38 0.013 0.9337 
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5.3.7.3 Humic acid-like and Fulvic acid-like matter 
The kinetics of the loss of fluorescence of the humic acid-like and fulvic acid-like matter can 
be approximated, and they showed different behaviour (Table 5-5). The breakdown of humic 
acid-like matter could be modelled using the same equation as for the loss of A254, but without 
the presence of refractory material. On the other hand, the loss of fluorescence for the fulvic 
acid-like matter was best described by a single first order reaction with the inclusion of 
refractory matter. The rate constants for humic acid-like matter were slightly greater than for 
the decolourisation rates. As can be seen from Table 5-5, when the lower inlet ozone 
concentration (5 mg/L) was applied, the bulk of the humic acid-like matter reacted slowly. At 
8 mg/L, similar proportions of the humic and fulvic acid-like matter were assigned to the slow 
and fast reacting groups.  
 
Table 5-5: Constants to model the loss of fluorescence of humic and fulvic-acid like 
matter by ozonation treatments 
  
Treatment C1(o) 
k1(o) 
(min-1) C2(o)  
k2(o)  
(min-1) Cr(o)  R2 
Humi
c 
acid-
like 
O3 5 mg/L 0.14 0.326 0.86 0.039 - 0.9989 
O3 8 mg/L 0.44 0.289 0.56 0.033 - 0.9989 
O3 8 mg/L, pH 
10 0.44 0.318 0.56 0.039 - 0.9990 
O3 8 mg/L, pH 4 0.35 0.335 0.65 0.034 - 0.9971 
O3/H2O2 8 mg/L 0.56 0.148 0.44 0.030 - 0.9944 
O3/H2O2 16 
mg/L 0.63 0.148 0.37 0.021 - 0.9967 
Fulvi
c 
acid-
like 
O3 5 mg/L 0.96 0.046 - - 0.086 0.9982 
O3 8 mg/L 0.87 0.108 - - 0.265 0.9921 
O3 8 mg/L, pH 
10 0.85 0.124 - - 0.328 0.9905 
O3 8 mg/L, pH 4 0.84 0.117 - - 0.33 0.9854 
O3/H2O2 8 mg/L 0.88 0.074 - - 0.233 0.9892 
O3/H2O2 16 
mg/L 0.85 0.078 - - 0.29 0.9951 
Note: Data fitted to the model using Sigma Plot, the average standard error is within 20% for C and k 
values. Number of significant figures was determined by the standard error, which is provided in 
Appendix 4. 
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5.4 Discussion 
Ozone was applied to remove the colour as a polishing step to improve the quality of the 
secondary effluent. It is an efficient option for colour removal due to its rapid action and 
relatively low ozone consumption which is attributed to its electrophilic character of ozone 
which directly reacts with unsaturated bonds and aromatic rings present in the humic 
substances. The depletion of these compounds resulted in the formation of smaller molecules 
such as short chain (<C5) aliphatic compounds e.g. ketones, aldehydes, and carboxylic acids 
according to many researchers, e.g., Nawrocki and Kalkowska (1999), Nawrocki et al.(2003), 
Swietlik et al. (2004), Wert et al. (2007), Gottschalk et al. (2010), Tripathi et al. (2011), and 
Van Geluwe et al. (2011).  
 
The molecular transformations in the organics led to only a little mineralisation as 
demonstrated by the small DOC removal following ozonation (5-15%). This can be explained 
by the low rate constants between ozone and the saturated reaction products, which range 
between 10-5 and 101/Ms compared with 106 and 109/Ms for the aromatic rings (Van Geluwe 
et al., 2011). For removal of these compounds very high ozone consumption and longer 
reaction time is required, making it uneconomical. Alternatively, it can be done with a more 
powerful and less selective oxidant, i.e., hydroxyl radicals. Generally complete mineralisation 
is hard to achieve through ozonation alone, due to (von Gunten, 2003b; Paraskeva and 
Graham, 2005; Gottschalk et al., 2010): (i) significantly high concentration of pollutants, (ii) 
relatively short ozonation time, and (ii) the formation of intermediate products which are not 
easily mineralised.  
 
Hydroxyl radicals are formed from the decomposition of ozone, leading to the indirect 
reaction pathway. For this to take place, enough ozone needs to be dissolved in the bulk 
liquid. The contribution of the indirect pathway by the radicals can be enhanced by elevating 
the pH which promotes the decomposition of ozone by OH- (Equation 5-5 and 5-6), or by 
adding H2O2 into the water, via attack of ozone by hydroperoxide ion (HO2-): 
O3+OH-  HO2- +O2      Equation 5-5 
O3 + HO2-  HO• + O2•-+ O2    Equation 5-6 
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However, in this study, ozonation of the secondary effluent at alkaline pH did not 
significantly increase the removal rate. During ozonation, the ozone was consumed very 
rapidly by the reactive compounds so that no dissolved ozone was detected until later in the 
process (Figure 5-3). Hence the effect may be too small to show major changes. According to 
Buffle et al.  (2006) the protonation/deprotonation of reactive species in the organic matter 
could also contribute to the reaction. Moreover, in alkaline ozonation, the presence of 
carbonate and bicarbonate (as in the secondary effluent which had an alkalinity of 110 mg/L 
CaCO3) plays an important role since they act as radical scavengers. As the pH increases 
above 7, the positive effect contributed by the increased of OH- concentration would be 
neutralised by the scavenging potential of carbonate species (Gottschalk et al., 2010). 
Carbonate ions, which are a stronger HO• scavenger (kHO• = 4.2 x 108 dm3/mol.s) than 
bicarbonate ions (kHO• = 5.8 x 106 dm3/mol.s) predominate at higher pH values (Figure 5-12). 
Another factor affecting the reaction might be due to the self-destruction effect caused by 
excess hydrogen peroxide as shown in Equation 2-7 and 2-8 leading to the formation of the 
less powerful HO2• which was also observed by Brunet et al. (1984).  
 
Figure 5-12: Distribution of carbonate species (carbonic acid, bicarbonate and 
carbonate) as a function of pH conditions at 20oC (Oppenländer, 2003). 
 
Adjustment of pH also led to an observable change of colour (Appendix 5). When the pH was 
adjusted to pH 4, a noticeable colour loss was observed. This was attributed to the 
dissociation of the compounds to the less-coloured forms under acidic conditions (Chu and 
Ma, 1997).  On the other hand, the properties of the water were also altered in alkaline 
condition (pH 10), the water became slightly darker and cloudy accompanied by an increase 
in turbidity. This phenomenon might be attributed to the precipitation of calcium carbonate, as 
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observed by Yan et al. (2008) as well as due to the deprotonation of weak organic acids (Paul 
et al., 2006). Furthermore, the solubility of humic acids decreases at low pH, hence higher 
concentrations of humics become soluble as the pH increases, contributing to the darker 
colour of the water. These alterations in the properties of the water at elevated pH may result 
in operational difficulties and hence raising the pH is not recommended.  
 
In this study, hydrogen peroxide was added to the semi-batch reactor before introduction of 
the ozone, so initially the dissolved ozone concentration was always much lower than the 
H2O2 concentration. Additionally, in wastewater treatment, as the concentration of the target 
pollutants is high, such as in this case, ozone is rapidly consumed and there is not enough 
ozone in the liquid to react with hydrogen peroxide to generate a significant concentration of 
the radicals.  
 
As observed, in the presence of 32 mg/L H2O2, the removal rate diminished resulting in the 
lowest removal compared with the lower doses of H2O2. Thus, at this dose, it appeared that 
hydrogen peroxide was present in excess and so acted as a scavenger instead of an initiator of 
hydroxyl radicals (Equation 5-7 and 5-8). This demonstrated the need to find the optimum 
dose between both ozone and hydrogen peroxide, which will be specific to every different 
effluent. 
HO• + H2O2  H2O+HO2•    Equation 5-7 
HO• + HO2•   O2 +H2O    Equation 5-8 
 
In alkaline conditions, more of the hydrogen peroxide would dissociate to its conjugate base 
form (HO2-) as the promoter of HO•. However this benefit was counteracted by the fact that 
ozone decay was also accelerated at high pH conditions, therefore there was presumably less 
ozone available to react with the HO2-. These factors contributed to the slight improvement of 
the removal rate by addition of hydrogen peroxide during alkaline ozonation.  
 
Hence, the addition of hydrogen peroxide did not significantly promote the degradation of 
organics, although its presence led to lower production of the LMW compounds compared 
with the ozone treatment alone as shown by the LC-OCD results (Figure 5-10). It shows that 
this system was better in attacking the LMW by-products formed by O3 oxidation. The rate 
constants of hydroxyl radicals for the reaction with these saturated compounds are 
significantly higher than with ozone alone (von Gunten, 2003a). However, it was expected 
that this benefit would be simultaneously counteracted by the typically much lower 
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concentration of hydroxyl radicals than the ozone concentration, typically 107-109 times lower 
concentration vs. 108 times higher rate constant (von Gunten, 2003a; Van Geluwe et al., 
2011).  Hence, the presence of hydroxyl radicals would not be sufficiently high to increase the 
degradation of these saturated compounds. Furthermore, the presence of bicarbonate could 
also act as an inhibitor for the indirect ozone reactions, as reported by Domejoud et al. (2011).  
 
Although the total DOC level was not greatly affected by ozonation, it is evident that the 
composition of the DOC was altered as ozone reacted more readily with the high MW 
compounds, converting them to lower MW compounds. Moreover, the SUVA value of the HS 
was greatly reduced from 3.95 to 1.58 L/mg m, indicating the loss of aromaticity and 
transformation of HS into more aliphatic structures (Table 5-2). These transformed aliphatic 
compounds are more refractory to ozone attack, but are potentially more biodegradable, 
which resulted in enhanced biodegradability of all the fractions within the treated effluent. 
Hence, it was shown that the enhanced biodegradability was not only contributed by the 
formation of LMW substances, but also by the transformed structures of the humic substances 
(Figure 5-10). Jansen et al. (2006) proposed the “outside-in trimming mechanism” to describe 
the degradation of humic substances by ozonation (Figure 5-13). Cleavage occurs mainly on 
the outside edge of the molecules, while the core structures remain intact, leaving the outer 
layer of the molecules with more aliphatic structures available for biodegradation. 
 
Figure 5-13: Representation of the outside-in trimming process during the ozonation of 
humic substances (Jansen et al., 2006) 
 
Parallel first order kinetics, which were previously used to model the UV-based processes, 
were successfully applied to the ozone-based processes. The kinetics of decolourisation were 
closely associated with those for the loss of the fluorescence of humic-acid like matter, where 
two groups were assigned to the fast and slow-reacting species. Unlike the kinetics for UV-
based processes, there was no refractory group allocated to Equation 5-3 since prolonged 
ozonation was capable of completely removing the colour. In contrast, the same kinetics 
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equation incorporating the refractory material was used to model the loss of A254 and the 
fulvic acid-like matter. Overall, rate constants of similar orders to those of the UV-based 
processes were observed for the ozone-based processes. Removal of colour and the 
fluorescence of humic acid-like material gave the highest rate constants, followed by loss of 
A254 and the fluorescence of fulvic acid-like material, and the lowest rate constants were for 
COD removal and mineralisation. COD removal by ozonation was much more rapid than 
DOC removal, which meant that the COD/TOC ratio decreased (from 2.4 to 1.2) with 
increasing ozonation. This indicated that the changes in the structure of the organics 
contributed to the loss of the easily oxidised compounds with high oxidation state. At the 
initial phase of ozonation, the kinetics were limited by mass transfer at the gas-liquid interface 
as there was no dissolved ozone in the liquid. As the reaction proceeded, after the ozone-
consuming species had been oxidised, ozone began to be detected and the kinetics shifted to 
slow regime.  
 
The electrical energy input (EEI) for the ozonation process can be calculated and therefore can 
be compared with that of UV processes. For ozonation, the colour target of 20 Pt-Co was 
achieved within 10-15 minutes of ozonation for the 2 litres of sample. The power 
consumption of the ozone generator was given by the manufacturer as 26.25 Wh/gO3.  
 
So, for 8 mg/L inlet ozone concentration and 30 L/h gas flow rate, the required ozone dose 
can be calculated as: 
A (O3)  = 15 mins x 8 mgO3/L x 30 L/h / 60 mins/h  
= 60 mgO3 = 0.03 gO3/L (for 2 L sample) 
EEI  = 26.25 Wh/gO3 x 0.03 g O3/L x 10-3 kJ/s.W x 3600 s/h 
= 2.84 kJ/L 
 
The calculated EEI value is of similar order of magnitude to the value of 1.6 kJ/L estimated by 
Thomson (2002) and Buchanan (2005) for the treatment of drinking water, who assumed the 
electrical energy as 18 Wh/gO3 based on the estimation for the removal of organics which 
require 1-2 mg O3/mgC.  
 
In comparison to the UV-based treatments, ozonation proved to be a more energy efficient 
process. To achieve the same colour target, the UV-based treatment requires greater energy 
input, as calculated below: 
Treatment type = 15 minutes of UVC irradiation dosed with 32 mg/L hydrogen peroxide 
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Typical % of light output = 85% at 254 nm (Malley, 1999) 
Typical conversion = 35-40% electrical to light energy (Malley, 1999) 
Dose at 254 nm = 6.7 W/L 
EEI   = 6.7 W/L÷ 0.85 ÷ 0.4 x 10-3 kJ/s.W x (15 mins x 60s/min) 
= 17.7 kJ/L 
 
From the above estimation, ozonation was shown to be approximately six times more energy 
efficient for colour removal. A similar proportion of biodegradable matter was generated from 
both processes; biodegradability of the remaining organics was enhanced by at least two-fold 
following each treatment although the UV/H2O2 process also led to greater mineralisation.  
However, overall ozonation is more economical than UV-based treatments for colour removal 
of secondary effluent. For UV-based treatments to be more competitive and attractive, a better 
reactor and lamp design is required to achieve a more energy efficient process. More recently, 
Oneby et al. (2010) suggested that ozonation of WWTP effluent to achieve high quality water 
standards may be a less costly alternative than developing a new potable water supply, 
especially in the case where a potable water source may not be readily available. In the next 
section, direct comparison of the two processes for the secondary effluent will be examined to 
closely evaluate the different mechanisms of these processes and the possibility of combining 
them as a sequential process.  
 
5.5 Summary of Chapter 5 
Ozone treatment of secondary effluent achieved a high degree of decolourisation and 
subsequent enhancement of the overall water properties. A substantial proportion of colour 
was removed rapidly, the colour target was achieved after 10-15 minutes of ozonation with 8 
mg/L inlet ozone concentration. The removal of colour was accompanied by the loss of 
fluorescence of mainly humic and fulvic acid-like matter, and A254 species, although the 
extent of removal was not as high as observed for colour.   
 
Higher COD removal was achieved with higher ozone dose, although there was little 
mineralisation. There was no significant improvement in treatment efficiency when ozonation 
was performed under alkaline conditions (pH 10) or in the presence of hydrogen peroxide as 
would be expected if the indirect mechanism dominated the reactions. Furthermore, alteration 
of the properties of the water at elevated pH may result in operational difficulties and hence is 
not recommended. The predominant mechanism of the ozonation process depends on various 
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water parameters such as: alkalinity, organic content, presence of inhibitors and scavengers. 
Overall, the reaction was limited by mass transfer at the gas-liquid interface. Hence, improved 
design of the contactor would enhance the mass transfer of ozone to liquid and consequently 
increase the reaction rate.  
 
A decrease in the high MW fractions and slight increase in low MW fractions was observed 
following the various ozonation treatments. The intermediate LMW by-products have been 
generally identified as aldehydes and carboxylic acids by other researchers, which are more 
biodegradable compounds. Thus, ozonation generated more bio-available compounds from 
these transformations of the organic matter in the effluent. Typically, the treatments increased 
the biodegradability by 3 to 4 times as measured by BDOC. Applications of ozone-based 
treatments are normally followed by biological treatment to further remove these compounds. 
In comparison with UV-based treatment, the ozonation treatment consumed much less energy 
(6 times) to achieve the same extent of colour removal. 
 
Ozonation can either decrease or increase the effluent toxicity, although in this study no 
toxicity was detected in either untreated or treated effluent as measured using the Microtox® 
test. There are many concerns associated with the potential formation of bromate, a possible 
carcinogen, from the ozonation of bromide-containing water as well as the generation of 
harmful disinfection by-products. Further research is therefore needed to investigate the 
formation of ozonation by-products. 
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Chapter 6- Sequential ozone and UV-based treatments for the 
removal of colour from secondary effluent and the use of a probe 
compound to compare the hydroxyl radicals exposure in UV-
based and ozone-based treatments 
 
 
This chapter covers two topics which will be discussed in two different sections. The first 
investigates the effect of sequential ozone and UV-based processes for the treatment of colour 
in secondary effluent, where the efficiency of the processes was compared with the individual 
treatments. In the second section, the use of a probe compound, para-chlorobenzoic acid 
(pCBA), to compare the exposure to hydroxyl radicals in UV-based and ozone-based 
treatments was investigated.  
 
6.1 Sequential treatments  
In the previous chapter, ozonation was proven to rapidly oxidise the colour compounds and 
consequently enhance the biodegradability of the secondary effluent with little mineralisation 
of the organic carbon. Furthermore, there was little evidence of the involvement of hydroxyl 
radicals in the process. UV/H2O2, on the other hand, is expected to react with the oxidation 
products refractory to ozone attack due to the generation of the more powerful hydroxyl 
radicals from the photolysis of hydrogen peroxide.  
 
The application of UV treatment following ozonation has been investigated to reduce the 
required ozone dose and so impede the formation of bromate in drinking water disinfection 
(Meunier et al., 2006). Moreover, pre-ozonation was found to increase the transmittance of 
the water during UV treatment, allowing more efficient UV irradiation (Meunier et al., 2006). 
Arslan and Balcioglu (2001) found that the sequential application of ozone then UV/H2O2 
significantly increased the degradation of the pollutants as well as the biodegradability of a 
textile effluent. Kerc et al. (2003) employed a pre-ozonation step for partial oxidation of 
humic acid followed by photocatalysis to achieve better oxidation efficiency. Thus, the 
different mechanisms involved in these two processes may complement each other leading to 
improved performance for the removal of coloured organics from secondary effluent from 
WWTP used in the current study.  
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Based on these reported findings and the observed findings from the UV-based and ozone-
based work, different combinations of ozone, VUV and UV/H2O2 (UVH) experiments were 
performed. VUV irradiation and UV/H2O2 (32 mg/L) are hydroxyl radical-producing 
treatments, able to achieve a high degree of mineralisation, but are very energy intensive. 
Ozonation at 
3
cO = 8 mg/L ,  is a more energy efficient process for removing the colour from 
secondary effluent, yet did not achieve mineralisation. Hence the possibility of sequential use 
of these processes for treating the secondary effluent was investigated to improve the 
performance and eventually lower the required energy intensity. 
 
In this section, the brown-coloured secondary effluent with high humic content was subjected 
to a sequential system incorporating UV-based and ozonation processes. The effects of these 
sequential treatments were evaluated in terms of removal of colour, absorbance at 254 nm, 
DOC, COD and biodegradability. Comparison of the efficiency in terms of electrical energy 
input is also discussed. The objective was to evaluate the feasibility of using a sequential 
system to see whether it resulted in a synergistic effect for the removal of organics, and to 
determine which combination of the sequential treatments worked best.  
 
Table 6-1 lists the experimental runs for the different combinations for the sequential 
treatments. Firstly, ozone, VUV and UVH experiments were performed individually (runs 1-
3). Sequential treatments by ozone then VUV were then trialled (runs 4 and 5), followed by 
VUV then ozonation (runs 6-7). Runs 8-9 were run to investigate the applicability of 
ozonation prior to UV/H2O2, while runs 10-11 tested the reverse sequence. The secondary 
effluent was a typical Friday sample, showing high colour concentration and moderate DOC 
level (Table 6-2). 
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Table 6-1: Experimental runs for sequential treatments  
Experimental 
Runs 
Pre-treatment 
Subsequent  
treatment 
1 60 mins Ozone - 
2 90 mins VUV - 
3 60 mins UVH - 
4 5 mins Ozone 60 mins VUV 
5 10 mins Ozone 60 mins VUV 
6 15 mins VUV 60 mins Ozone 
7 30 mins VUV 60 mins Ozone 
8 5 mins Ozone 30 mins UVH 
9 10 mins Ozone 30 mins UVH 
10 5 mins UVH 30mins Ozone 
11 10 mins UVH 30 mins Ozone 
For ozone experiments, all runs were performed at  
3
cO = 8 mg/L, UVH denotes UV/H2O2 at 32 mg/L.  
 
 
Table 6-2: Initial characteristics of the secondary effluent (collected on 01/04/2011) used 
for sequential experiments  
 
Parameters Values Unit 
pH  7.4  
Colour 101 ± 2 mg /L Pt-Co 
A254 0.368 ± 0.011 /cm 
DOC 12.8 ± 0.2 mg/L 
COD 34 ± 1 mg/L 
SUVA 2.83-3.01 L/mg.m 
BDOC 1.4 mg/L 
Turbidity 7 NTU 
 
 
6.1.1 Colour reduction 
Colour reduction by VUV irradiation was a much slower process than ozonation, while 
UV/H2O2 (32 mg/L) treatment resulted in a very similar trend to the ozone process (Figure 
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6-1). No synergistic effect was observed for pre-ozonation for 5 or 10 minutes followed by 60 
minutes VUV irradiation (Figure 6-1a).  Ozonation alone was better for removing colour as 
the coupled O3-VUV treatment did not shorten the time required to achieve the same extent of 
colour removal. In contrast, when 30 minutes UV/H2O2 treatment was applied after pre-
ozonation, a higher decolourisation rate was observed (Figure 6-1b). Approximately 90% of 
the colour was removed after 25 minutes reaction time compared with around 85% after 30 
minutes ozonation or UV/H2O2 alone. Colour removal by the O3-UV/H2O2 system was not 
greatly affected by the duration of pre-ozonation, as colour was rapidly removed by both 
processes. As noted previously (section 5.3.8), chromophoric material exhibiting a high 
degree of electronic conjugation, such as humic substances, is highly reactive towards ozone 
(Meunier et al., 2006), hence, the colour was preferentially removed by ozonation. 
   
 
   
Figure 6-1:Colour removal by a) ozone-VUV, b) ozone-UV/H2O2, c) VUV-ozone, and d) 
UV/H2O2-ozone 
 
a) b) 
c) d) 
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Similarly, VUV pre-treatment for ozonation did not seem to enhance the colour removal 
compared with ozonation alone (Figure 6-1c). The decolourisation was mainly attributable to 
ozonation treatment. The colour removal after 15 and 30 mins VUV treatment was 
accelerated by the subsequent ozonation, approaching the same level of removal as ozonation 
alone at 60 mins. Enhanced removal was observed during the first 20 minutes of ozonation 
when the sample was pre-treated with 5 minutes UV/H2O2 where more than 90% of the colour 
was removed, and it levelled off thereafter (Figure 6-1d). From the above results, the best 
combination for colour removal was 5 minutes of UV/H2O2 (32 mg/L) treatment followed by 
ozonation. All the combinations of ozone and UV/H2O2 achieved the colour target in less than 
15 minutes treatment time (Figure 6-1b and d), and there was very little, if any, difference 
between which treatment was done first. 
 
6.1.2 Reduction of A254-absorbing species 
The species absorbing at 254 nm were decreased more efficiently by ozonation than VUV 
irradiation; the reduction was even greater for UV/H2O2 treatment (Figure 6-2) most likely 
due to the higher concentrations of hydroxyl radicals generated in the system, as previously 
demonstrated in Chapter 4.  
 
For the ozone-VUV system, comparable reductions of A254 were observed for the different 
combinations (Figure 6-2a). After 10 mins ozonation, the loss of A254 was slightly enhanced 
by VUV irradiation, while shorter pre-treatment with ozone did not improve the overall 
removal rate. Pre-ozonation for 10 minutes shortened the time required by VUV irradiation to 
achieve 80% removal (from 90 minutes to 70 minutes).  
 
Pre-ozonation for 5 minutes prior to UV/H2O2 increased the rate of A254 removal so that more 
than 80% removal was achieved after 30 minutes treatment time (Figure 6-2b). VUV 
irradiation followed by ozonation did not result in any significant benefit, the combinations 
performed fairly similarly (Figure 6-2c). Since UV/H2O2 treatment led to faster A254 removal, 
ozonation following pre-treatment with UV/H2O2 slowed the removal rate and had no 
beneficial effect (Figure 6-2d). Overall, the best combination was 5 minutes pre-ozonation 
coupled with UV/H2O2. 
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Figure 6-2:Loss of A254 by a) ozone-VUV, b) ozone-UV/H2O2, c) VUV-ozone, and d) 
UV/H2O2-ozone 
 
6.1.3 DOC reduction 
As observed in Chapter 5, there was little mineralisation by ozonation alone (~10%), whereas 
VUV and UV/H2O2 treatment alone oxidised up to 20% and 28% of the DOC, respectively, 
after 60 mins (Figure 6-3). Consequently, when VUV was employed following pre-ozonation, 
a small enhancement in the DOC degradation was expected and observed, which was not 
strongly influenced by the length of pre-ozonation (5 or 10 mins) as both treatments 
approached the same extent of removal at an almost identical rate (Figure 6-3a). Pre-
ozonation exerted a positive impact on the DOC removal by UV/H2O2 (Figure 6-3b). The 
degradation rate was increased, reaching 30% after 30 minutes, and after this point the 
removal with 10 mins pre-ozonation exceeded that with 5 min pre-ozonation. From this result, 
it seems that ozonation generated partially oxidised compounds that were more easily 
oxidised by UV/H2O2. This suggested that ozonation oxidised the highly UV-absorbing 
a) b) 
c) d) 
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material, hence more UV was available to react with hydrogen peroxide to provide greater 
formation of hydroxyl radicals. 
   
  
Figure 6-3: Mineralisation by a) ozone-VUV, b) ozone-UV/H2O2, c) VUV-ozone, and d) 
UV/H2O2-ozone 
 
In contrast, when ozone was applied after VUV irradiation the DOC level fluctuated during 
the ozonation (Figure 6-3c), as observed previously in Chapter 5 when secondary effluent was 
subjected to ozonation alone. The fluctuations may be due to a major action of the ozone 
being the oxidation of the particulates converting them to dissolved form (Wang and Pai, 
2001), whereas the hydroxyl radicals generated by the VUV irradiation were able to cause 
mineralisation thus counteracting any increase in DOC due to particulate dissolution.  
Following UV/H2O2 treatment, the DOC concentration was unaffected by the subsequent 
ozonation (Figure 6-3d). Ozonation was not sufficient to cause further oxidation of the 
partially oxidised compounds and mineralisation mainly occurred in the system with the 
higher concentration of hydroxyl radicals. However, as observed previously, ozonation reacts 
a) b) 
c) d) 
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continuously to break down the absorbing species, as indicated by colour and A254, which 
should lead to the generation of biodegradable products.  
 
6.1.4 COD reduction 
For COD removal, ozonation proved to be a more effective process than VUV irradiation 
(Figure 6-4a). Pre-ozonation of the secondary effluent increased the efficiency of COD 
removal by VUV irradiation, from 26% to 35% after 60 mins treatment. When UV/H2O2 was 
applied following ozonation, a considerable increase in the COD reduction rate was observed 
(Figure 6-4b). After 5 minutes ozonation, 10 minutes UV/H2O2 treatment achieved 50% COD 
removal compared to 15% by ozonation or 35% by UV/H2O2 alone for 15 minutes. The 
application of pre-ozonation increased the effectiveness of the UV/H2O2 process as seen from 
the faster reduction of COD, where a complementary effect was observed.   
  
   
Figure 6-4: COD reduction by a) ozone-VUV, b) ozone-UV/H2O2, c) VUV-ozone, and d) 
UV/H2O2-ozone 
a) b) 
c) d) 
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From Figure 6-4c, it can be seen upon the application of VUV pre-treatment for 30 minutes 
the COD removal by subsequent ozonation was increased so that a further 17% was removed 
compared with ozonation alone after 60 minutes. On the other hand, no improvement was 
observed when ozonation was applied following pre-treatment by UV/H2O2, similar to the 
results obtained previously for A254.  
 
6.1.5 Impact on biodegradability 
One notable advantage of the sequential treatments was the resulting enhanced 
biodegradability. Initially, only 11% of the DOC of the secondary effluent could be removed 
biologically. As observed from the previous results, the different processes (ozonation, VUV 
and UV/H2O2) have led to the formation of biodegradable species which increased with 
increasing oxidant dose up to a certain limit. As shown in chapter 4 and 5, these 
biodegradable compounds were generated largely as a result of the degradation of the 
chromophoric materials, which was apparent from the reduction of colour and A254. 
Ozonation continuously transformed the organics into biodegradable products throughout 60 
minutes treatment time, whereas prolonged UV/H2O2 and VUV treatment led to some 
mineralisation of the products and so reduced the biodegradability of the treated effluent. In 
general, the biodegradability of the remaining DOC in the treated effluent was improved to 
around 50% following these treatments.  
 
The different combinations of ozone and UV/H2O2 and VUV treatments led to greater 
formation of biodegradable products compared with the standalone treatments (Figure 6-5). 
The ozone and VUV combination produced about 55-65% of biologically available species 
after 45 minutes, while about 50 and 48% were generated by VUV and ozone only, 
respectively. A considerable increase in the accumulation of biodegradable compounds was 
achieved by the ozone and UV/H2O2 system. Consequently, for a total treatment time of 15 
minutes when the colour target of 20 Pt-Co had been reached (Figure 6-1), overall DOC 
removals of 64% and 73% were achieved following treatment with  10 min UV/H2O2 + 
Ozone and 5 min ozone + UV/H2O2 in combination with subsequent biological treatment.   
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Figure 6-5 Changes in biodegradability of the treated sample by a) ozone-VUV, b) VUV-
ozone c), ozone-UV/H2O2, and d) UV/H2O2-ozone. RDOC indicates the refractory DOC 
that was not removed by either the AOP treatments or BDOC test. 
 
 
6.1.6 Comparison of treatment efficiency by Electrical Energy Input (EEI) 
The electrical energy input (EEI) values required to achieve the colour target of 20 Pt-Co were 
calculated to compare the overall efficiency of the different treatments (Table 6-3). As 
formerly discussed (Chapter 5), ozonation is a significantly more efficient process compared 
with the more energy intensive UV/H2O2 or VUV systems. While in terms of EEI ozonation 
was superior to all other combinations, the total DOC removal was the lowest (28%). 
Biodegradation following 5 minutes of pre-ozonation with 10 minutes UV/H2O2 treatment 
(Figure 6-5c) meant that DOC removal was improved significantly (to 71%), however it was 
accompanied by a considerable increase in the EEI value (4.5 times greater than for ozonation 
alone). The addition of ozone treatment to the irradiation processes improved the total DOC 
removal while reducing the required EEI, making them more economical. The calculated EEI 
values do not account for the biological treatment energy requirement, where it is typically 
considerably smaller than for ozone or UV-based treatments.  
a) b) 
c) d) 
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Table 6-3: EEI values for different combinations of treatments to achieve a minimum of 80% 
colour removal, equivalent to 20 Pt-Co (colour target). DOC removal is total of DOC removed 
by treatment and subsequent biological treatment. 
 
Pre-treatment 
Sequential 
Treatment 
Time 
(mins) 
Colour  
removal 
DOC  
removal 
EEI 
(kJ.L-1) 
10 mins O3 20 mins VUV 30 80% 66% 34.7 
5 mins O3 10 mins UVH 15 84% 71% 12.8 
15 mins VUV 25 mins O3 40 83% 63% 29.3 
10 mins UVH 5 mins O3 15 81% 62% 12.8 
Ozone only - 15 79% 28% 2.8 
VUV - 90 82% 48% 147.7 
UVH - 20 81% 64% 23.6 
 
 
Based on these calculated values, ozonation only would be the preferred treatment for 
removing colour of the secondary effluent mainly due to its lowest energy consumption 
among the other treatments (2.8 kJ/L for 15 mins treatment). However, when DOC removal is 
taken into account the sequential treatment of 5 mins ozonation and 10 mins UV/H2O2    
resulted in the highest DOC removal (71%), while increasing the energy requirement by 4.5  
times.   
 
6.2 Comparison of hydroxyl radical (HO•) formation in the UV-based and 
ozone-based treatments  
 
Based on previous observations, hydroxyl radicals are considered to be the main oxidants 
responsible for the degradation of organics in secondary effluent during AOP treatments. 
However, determination of their role by the direct measurement of the concentration of these 
highly reactive species is very difficult. Their reactivity towards the water matrix leads to a 
very low steady-state concentration, usually <10-12 M (Elovitz and von Gunten, 1999). The 
use of para-chlorobenzoic acid (pCBA) as a probe compound for the indirect measurement of 
hydroxyl radical has been used widely in ozonation treatment (Elovitz and von Gunten, 1999; 
Elovitz et al., 2000; Pi et al., 2005; Rosenfeldt et al., 2006; Rosenfeldt and Linden, 2007). It 
has a very low reactivity with ozone (kO3 < 0.15 M-1s-1), but reacts rapidly towards hydroxyl 
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radicals (kHO = 5x109 M-1s-1) (Elovitz and von Gunten, 1999). Hence by monitoring the 
disappearance of this compound, the HO• exposure can be determined. Rosenfeldt and Linden 
(2007) introduced the use of this method for UV-based AOPs, where the direct photolysis of 
pCBA by UV light is slow compared with its degradation by hydroxyl radicals.  
 
In this study, the probe compound pCBA was used to compare the formation of hydroxyl 
radicals during UV-based treatment and ozone-based treatment. For UV-based processes, 
UVC alone and UV/H2O2 at 16 and 32 mg/L were performed; and for ozone-based processes, 
ozonation at 8 mg/L with and without addition of H2O2 were compared. Due to the nature of 
the effluent it should be noted that the calculated values did not take into account the overall 
scavenging factors by the various water parameters e.g., DOC, HCO3- and CO32-, which can 
significantly affect the values. Owing to its reactivity and non-selectivity, HO• will rapidly 
undergo reactions with these water constituents following their formation (Rosenfeldt and 
Linden, 2007). Nevertheless, these experiments provide a method for comparing the 
effectiveness of different AOPs treatment in terms of the hydroxyl radicals exposure applied 
for the specific secondary effluent. 
 
6.2.1 UV-based process 
The degradation of pCBA during UV-based treatments can be described using Equation 6-1, 
which accounts for oxidation due to both direct photolysis and hydroxyl radicals (Rosenfeldt 
et al., 2006; Rosenfeldt and Linden, 2007).  
])[(][ pCBAkk
dt
pCBAd
id +−=   Equation 6-1 
Where kd is the pseudo-first order rate constant of pCBA decay by direct photolysis, and ki is 
the pseudo-first order rate constant of pCBA oxidation by hydroxyl radicals, which is 
described by  
][, OHkk pCBAOHi
•=      Equation 6-2 
Substituting Equation 6-2 into Equation 6-1 and then integrating as a function of time gives 
Equation 6-3: 
∫ •+=




 dtOHktk
opCBA
pCBA
pCBAOHd ][][
][ln ,     Equation 6-3 
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By plotting the left-hand side of the equation against the irradiation time, the best fit slope 
gives the total degradation rate of pCBA which includes the loss of pCBA by direct 
photolysis and hydroxyl radicals (Equation 6-4).  
 
∫ •+= dtOHktkk pCBAOHdT ][,     Equation 6-4 
 
  
Figure 6-6: Degradation of pCBA as a function of irradiation time, results are average 
of triplicate measurements 
 
Figure 6-6 shows the degradation of pCBA during UV-based treatments as a function of 
irradiation time (15 minutes). The decay follows first order kinetics. Loss of pCBA by direct 
photolysis during UVC irradiation was observed, given by the best fit slope, kd = 0.0495 /min. 
Addition of hydrogen peroxide during UVC irradiation accelerated the degradation rate of 
pCBA by hydroxyl radicals, kT, and a higher dose of hydrogen peroxide led to further 
increase in the degradation of pCBA due to the higher formation rate of hydroxyl radicals. 
The pseudo first order rate constants for the oxidation of pCBA by hydroxyl  radicals, ki, were 
obtained by subtracting kd from the observed total rate costant, kT. These values can then be 
further utilised for the prediction of hydroxyl radicals exposure, which will be discussed in 
the next section.  
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6.2.2 Ozone-based process 
For the ozone-based process, the degradation of pCBA can be described by Equation 6-5. The 
decay of pCBA as a function of ozonation time was plotted (Figure 6-7), and it can be seen 
that the disappearance rate is significantly lower than for the UV-based treatment. It is more 
similar to the rates obtained by UVC alone irradiation. When hydrogen peroxide was added to 
the ozonation system, no significant enhancement was observed in the degradation of pCBA, 
hence the presence of hydrogen peroxide did not result in further formation of hydroxyl 
radicals in this system.  
tkdtOHk
opCBA
pCBA
obspCBAOH ., ][][
][ln ==





∫ •   Equation 6-5 
 
  
Figure 6-7: Degradation of pCBA during ozonation as a function of time, average of 
duplicate measurements 
 
6.2.3 Comparison of hydroxyl radical exposure by UV-based and ozone based 
treatments  
The rates obtained from the above plots can be used to calculate the hydroxyl radical exposure 
to provide a comparison for the different treatment systems. The degradation of pCBA was 
related to the exposure to hydroxyl radical. Rearranging Equation 6-4 gives the exposure to 
hydroxyl radicals (HO• concentration x time) by the UV-based process: 
 t.][
,
0
pCBAOH
dTt
k
kkdtHO −=∫ •  (M min)    Equation 6-6 
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Similarly for the ozone-based process, by re-arranging Equation 6-5: 
t
k
kdtHO
pCBAOH
obst .][
,
0
=∫ •  (M min)      Equation 6-7 
 
Figure 6-8 illustrates the hydroxyl radicals exposure for the different treatments. It clearly 
displays the significant difference between the UV-based and the ozone-based processes over 
15 minutes treatment time. In the UV-based system, the hydroxyl radicals available increase 
significantly on increasing the hydrogen peroxide dose from 16 to 32 mg/L, although not 
proportionally.  This can be explained by the scavenging effect of hydrogen peroxide which 
reduces the overall efficiency of hydroxyl radicals reacting with the targeted compound 
(Rosenfeldt and Linden, 2007).  
 
Figure 6-8: Hydroxyl radical exposure at 15 mins for the UV and ozone-based 
treatments 
 
Ozonation resulted in only 25% of the hydroxyl radical exposure of the UV/H2O2 32 mg/L 
system. This explains the lower extent of DOC removal observed during ozonation compared 
with the UV-based processes. Furthermore, similarly low HO• exposure was observed on 
addition of hydrogen peroxide to the ozone process. This observation is consistent with the 
findings reported by Rosenfeldt and Linden (2007) and von Gunten (2003a), where there was 
no great difference between ozonation and O3/H2O2, as ozone is readily consumed by the fast 
reacting compounds and transformed into hydroxyl radicals. Furthermore, the efficiency of 
these processes was greatly affected by the scavenging effect of the water matrix, which 
typically includes carbonate and bicarbonate which compete with the organic matter to react 
with the hydroxyl radicals.  
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6.3 Summary of Chapter 6 
The following conclusion can be drawn from the experimental results: 
The colour compounds in the secondary effluent were preferentially decolourised by 
ozonation. Pre-treatment by ozonation followed by VUV irradiation shortened the required 
irradiation time to achieve the colour target; however, ozonation alone was more superior to 
the sequential treatment. The ozone-UV/H2O2 32 mg/L combination slightly improved the 
performance, but overall the colour target was achieved within 15 minutes of treatments.  For 
the reduction of A254, ozonation gave similar performance as VUV while UV/H2O2 was 
significantly better. No synergistic effect resulted from the sequential treatment, instead a 
complementary effect was observed for pre-ozonation followed by UV/H2O2. Ozone was 
slightly better than VUV irradiation for reducing the COD of the effluent, but was less 
effective than UV/H2O2. Pre-ozonation for 5 or 10 minutes accelerated the COD removal by 
the subsequent UV/H2O2 step. Similarly, the mineralisation rate and extent was also improved 
with this combination. 
 
Furthermore, the sequential O3-UV/H2O2 sequence enhanced the formation of biodegradable 
compounds, such that when followed by biological treatment up to 71% of the DOC could be 
removed from the secondary effluent. Addition of UV systems to the ozone treatment 
increased the EEI considerably, as UV systems are fairly energy intensive. However, for the 
same treatment time of 15 minute, the application of sequential treatments achieved 2.5 times 
greater mineralisation than ozone alone.   
 
 pCBA was utilised as a probe compound to indirectly monitor and compare the availability 
of hydroxyl radicals during UV-based and ozone-based treatments. UV-based treatment 
clearly exhibited higher formation of hydroxyl radicals (4-fold) compared with ozone-based 
treatments. The availability of hydroxyl radicals was improved by increasing the hydrogen 
peroxide dose from 16 to 32 mg/L. In contrast, no significant improvement resulted from 
adding hydrogen peroxide to the ozone process, making it an inefficient choice for the 
treatment of the secondary effluent in this study. The findings confirm the greater production 
of hydroxyl radicals by UV/H2O2 treatment, which explains the higher extent of 
mineralisation attained during UV/H2O2 treatment compared with ozone treatment. 
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Chapter 7- Comparison of the impact of AOPs on the properties 
of the organics and the formation of disinfection by-products 
 
This chapter provides a direct comparison of the 3 best performing  AOPs as demonstrated in 
the previous chapters (Chapters 4-6) for decolourisation of the secondary effluent. The 
performances of these three processes will be evaluated in terms of their impact on the 
properties of the organics as well as the corresponding formation of disinfection by-products.  
  
Based on the results obtained in the previous chapters, UV/H2O2 (32 mg/L), ozone (ci= 
8mg/L) and sequential ozone-UV/H2O2 treatments each conducted for 15 minutes were able 
to achieve the colour target for Class A recycled water. Subsequent biodegradation has also 
been shown to allow further removal of the biodegradable by-products, thus improving the 
removal efficiency of the organic content. Disinfection by-product formation potential tests 
were conducted for samples after 15 minutes of AOPs and biodegradation treatment; the 
tested DBPs were: nitrosamines, haloacetonitriles (HANs) and trihalomethanes (THMs).  
7.1 Comparison of AOPs for the degradation of organic matter  
The secondary effluent was subjected to the following treatments: UV/H2O2 (32 mg/L), ozone 
(ci= 8 mg/L) and the sequence of 5 minutes ozonation, followed by UV/H2O2 (32 mg/L) to 
allow direct comparison. The impact of these treatments on the removal of colour and the 
bulk organic properties (A254, COD, DOC, and fluorescence EEMs) were compared and 
discussed. The initial characteristics of the secondary effluent are listed Table 7-1. 
 
Table 7-1: Initial characteristics of secondary effluent sample collected on Friday 
30/09/2011 
Parameter Values 
pH 7.4±0.1 
Colour 80±2 mg/L Pt-Co 
A254 0.370±0.004/cm 
DOC 12±1 mg/L 
SUVA  3.05-3.11 L/mgM 
COD  43±1 mg/L 
BDOC 1.2 mg/L 
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7.1.1 Impact on colour degradation and bulk properties  
As observed and discussed in the previous chapters, colour in the secondary effluent was 
rapidly removed by ozonation (Figure 7-1a). This effect was particularly significant during 
initial treatment (< 30 minutes), with the removal of 90% of the colour. When the sample was 
subjected to 5 minutes ozonation (ci= 8 mg/L) prior to UV/H2O2 (32 mg/L) treatment, only a 
slight improvement in decolourisation was observed. This was because ozonation had already 
very effectively removed the colour, hence the addition of UV/H2O2 did not give much 
improvement. Overall, the colour target of 20 mg/L Pt-Co, (equivalent to 75% colour removal 
for this sample) was achieved within 15-20 minutes for all three processes. This result is 
consistent with the result obtained in section 6.1.1.  Extending the treatment time to 60 mins 
gradually removed a further 10% of the colour. Hence, for this purpose it would be sensible to 
stop the oxidation process after the loss of the bulk of the colour, at around 20-30 minutes.     
  
 
Figure 7-1: a) Decolourisation by UV/H2O2, ozone and sequential ozone (5 mins) + UV/H2O2 
treatment, b) loss of A254, c) loss of DOC and d) loss of COD by the three treatments  
 
a) b) 
c) d) 
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On the other hand, degradation of the compounds absorbing at 254 nm was more efficient by 
UV/H2O2 than ozonation (Figure 7-1b). With ozonation alone, 40% of the A254 was lost after 
15 minutes compared with 60% by UV/H2O2 treatment. The sequential treatment provided a 
further 10% degradation, approaching a reduction of 90% after 60 minutes. In contrast, only 
70% reduction of A254 was achieved with ozonation alone after 60 minutes. Thus the higher 
concentration of hydroxyl radicals formed during photolysis of hydrogen peroxide by UVC 
irradiation contributed to the more rapid removal of these species. As observed in Chapter 5, 
ozone is more effective for removing the colour than A254; it reacts selectively with the 
chromophoric groups in the outer layer of the humic substances, leaving the core structure 
which still has conjugated bonds within intact. 
 
 The reductions in COD and DOC were significantly lower compared to decolourisation and 
loss of A254 (Figure 7-1c and d). As mentioned before, the oxidation processes by ozone 
preferentially attacked the UV-absorbing and chromophoric organic compounds by breaking 
the double bonds and opening aromatic rings to generate compounds with aliphatic structures 
(section 5.3.8). These partially oxidised compounds are refractory, even with prolonged 
ozonation, and reacted slowly towards HO•. Hence, following ozonation, the DOC 
concentration remained unchanged. The presence of hydroxyl radicals in the UV/H2O2 system 
resulted in about 35% mineralisation after 60 minutes. Following 5 minutes ozonation, 50% 
of the DOC was mineralised by the subsequent UV/H2O2 treatment. Ozonation seemed to 
generate compounds that were easier to mineralise. A similar trend was observed for COD 
removal where UV/H2O2 achieved higher removal (58%) compared to ozonation alone (42%) 
after 60 minutes. A complementary effect was obtained when the sequential process was 
applied, achieving up to 70% COD removal. Arslan and Balcioglu (2001) reported a similar 
observation where pre-treatment of biotreated textile wastewater by ozone significantly 
increased the rate of UV/H2O2 oxidation. They found that introduction of a 20 minute 
ozonation step reduced the required amount of H2O2 from 50 mM to 10 mM and increased the 
COD removal from 54% (by ozone alone) to 62% after 1 hour of total treatment time.  
 
For the achievement of the colour target of 20 Pt-Co, Figure 7-2 gives a comparison of the 
relative reductions in the water quality parameters by the three different processes after 15 
minutes and compares them with the total removal achieved by adding those for the 
individual treatments of 5 mins ozonation and 10 mins UV/H2O2. In terms of colour removal, 
no significant benefit was observed by having sequential treatment. A synergistic effect was 
observed for the sequential process for the reduction in A254, COD and DOC since these 
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values exceeded the calculated values for the individual ozone and UV/H2O2 processes. About 
10% enhancement was observed for A254, and greatest improvement was obtained for COD 
removal (by almost 20%).   
 
 
Figure 7-2: Comparison of percentage removal after 15 minutes of the three different 
treatments, the grey bar shows the removal by adding individual treatments of 5 minutes 
ozonation (light grey) and 10 minutes UV/H2O2 (dark grey). 
 
 
As observed in chapter 5, ozonation alone led to a small increase in the DOC concentration, 
while UV/H2O2 led to mineralisation of 10% of the DOC. Pre-ozonation achieved partial 
oxidation of the organics and then the application of UV/H2O2 led to greater oxidation 
efficiency and so mineralisation. Hence it appears that pre-oxidation by ozone slightly altered 
the structures of the organics making them more susceptible to the hydroxyl radicals produced 
by UV/H2O2. Benefit may also be contributed by degradation of the UV-absorbing 
compounds by pre-ozonation so that more UV was available to photolyse the H2O2 (section 
6.1.3). As the DOC and COD removals with the sequential treatment exceeded those of 
ozonation and UV/H2O2 alone, ozonation can be applied as a pre-treatment to increase the 
efficiency of the UV/H2O2 treatment for this secondary effluent. From this point onwards, 
these processes will be evaluated after treatment for 15 minutes, and post-biodegradation. 
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7.1.2 Changes in Fluorescence EEMs 
The EEM spectra of the secondary effluent before and after treatment clearly show significant 
reductions in the major fluorescent species (humic acid-like and fulvic acid-like matter) in the 
secondary effluent after 15 minutes for all treatments. The sequential process resulted in 
greater reductions in the fluorescent species compared with the individual treatments.  
 
Based on the FRI results (Figure 7-3), 15 minutes ozonation removed 50% of the fulvic acid-
like matter and 60% of the humic acid-like matter, whereas UV/H2O2 treatment performed a 
little better to reduce the fulvic acid-like matter and humic acid-like matter by 57% and 68%, 
respectively. When sequential treatment was utilised, the reductions in these compounds were 
improved to 75% and 85%, respectively. As discussed previously, the preferential reduction 
of the larger humic compounds in comparison with the smaller fulvic compounds was likely 
due to the higher rate constant between HO• and the larger MW compounds. Furthermore, 
humic acids have a more aromatic structure and hence higher molar absorptivites than fulvic 
acids (Westerhoff et al., 1999; Thomson et al., 2004a; Lamsal et al., 2011) which explains the 
higher reductions observed with the humic acids as observed in the previous chapters.  
 
Similar to previous observations, UV/H2O2 has been shown to be superior for the removal of 
the other fluorescent species: aromatic proteins and SMPs. Overall, the 15 minutes of the 
sequential treatment increased the removal of the fluorescent species from 58% and 66% by 
ozone and UV/H2O2, respectively, to slightly over 80%.  
 
 
Figure 7-3: Percentage removal of fluorescent material after 15 minutes of ozone, UV/H2O2 and 
sequential treatment 
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7.1.3 Changes in molecular weight distribution (LC-OCD) after 15 minutes 
treatment and biodegradation 
Direct comparisons of the changes in the molecular weight distribution as determined by LC-
OCD for the different treatments, before and after biodegradation, are presented in Figure 7-5. 
Consistent with the previous observations, humics made up more than half of the DOC in the 
untreated secondary effluent, building blocks 14%, LMW compounds 14%, while the rest was 
comprised of biopolymers.    
 
Following 15 minutes ozonation, although the DOC level was not greatly affected, the 
molecular weight distribution was altered (Figure 7-4a). A decrease in the biopolymers 
fraction (15%) was observed, this decrease was accompanied by a slight increase in building 
blocks, LMW neutrals and LMW acids. Ozonation resulted in the production of 
biodegradable compounds comprising about 40% of the remaining organics (Figure 7-5). The 
increased biodegradability was associated with the breakdown of the aromatic bonds and 
structures to aliphatic ones, which was evident from the decrease in the HS SUVA values 
(from 3.48 to 2.51 L/mg.m) after 15 min ozonation (Table 7-2). Overall, considerable 
decrease of the LMW acids was achieved as up to 70% of this fraction was removed after 
biotreatment. Significant reductions were also observed for biopolymers and humics, up to 
71% and 35%, respectively, after biotreatment.      
 
Treatment by UV/H2O2 for 15 minutes resulted in greater degradation of biopolymers (35%) 
compared with ozone, and some decrease in humics (10%) and some building blocks (20%) 
(Figure 7-4b). The breakdown of these HMW compounds resulted in the generation of the 
LMW neutrals, acids and HS. In contrast to the ozonation process, an increase in LMW HS 
was observed after treatment due to the fragmentation of the HMW HS. Moreover, this 
process produced a higher concentration of biodegradable compounds compared with 
ozonation as 52% of the remaining organics were removed during the biodegradation process 
(Figure 7-5). The LC-OCD results show that this improvement in biodegradability was 
contributed by increased biodegradability across almost all fractions: building blocks, HMW 
HS, building blocks and LMW neutrals.  Overall, the biopolymers were reduced by 75%, 
humics by 54%, and LMW fractions by 55%.  
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Figure 7-4: LC-OCD chromatograms to monitor the changes in the molecular weight 
distribution after 15 minutes treatment and biodegradation for a) UV/H2O2 (32 mg/L) 
treatment, b) ozonation treatment 8 mg/L, c) sequential ozonation-UV/H2O2 treatment. The 
dilution factor used for the sample was 1:3. 
a) 
b) 
c) 
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When the sequential treatment was applied, further degradation of the biopolymers (60%) and 
humics (12%) was obtained, as well as increased production of the LMW HS, neutrals and 
acids (Figure 7-5c). The humics were largely transformed to aliphatic structures, marked by a 
large decrease in SUVA value to 0.93 L/mg.m (Table 7-2). This was associated with a small 
increase in the biodegradability of the treated effluent as 56% of the remaining DOC was 
removed in the biodegradation process.  
 
Enhancement of the biodegradability following the sequential treatment was apparent from 
the additional reductions on all fractions after biodegradation process. Only 10% of the initial 
biopolymers and less than half of the humics remained. Similarly, the LMW compounds were 
reduced through biodegradation, while some recalcitrant compounds remained. The removal 
of these aliphatic compounds by biodegradation was accompanied by a rise in the SUVA 
value to 2.12 L/mg.m (Table 7-2); hence the remaining aromatic compounds were refractory 
to the conditions used. These findings indicated that the enhanced biodegradability was not 
merely due to the production of the LMW fractions, but also due to the transformation of the 
aromatic structures to the more aliphatic ones, hence making them available for digestion by 
the micro-organisms in biological treatment as illustrated in Figure 7-5. 
 
 
 
Figure 7-5: DOC composition of untreated and treated secondary effluent, showing the DOC 
removed by treatment, BDOC and the remaining/refractory DOC 
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Table 7-2: SUVA values after treatment and treatments plus biodegradation 
Treatments 
SUVA HS 
(L/mg.m) 
Raw untreated 3.48 
UVH  
(32 mg/L) 
15 mins 1.52 
15 mins + Bio 2.44 
Ozone 
(8mg/L) 
15 mins 2.51 
15 mins + Bio 2.88 
Oz+UVH 
  
15 mins 0.93 
15 mins + Bio 2.12 
 
 
Overall, the mineralisation by the combination of AOP and biodegradation decreased in the 
following order: sequential treatment (65%) > UV/H2O2 (59%) > ozonation (38%). 
 
7.2 Oxidation by-products 
7.2.1 Aldehydes 
The preceding results have shown that biologically available compounds such as the low 
molecular weight compounds and aliphatic compounds are generated as a result of partial 
oxidation following AOPs. One of the major types of degradation products of organic matter 
are the aldehydes, which includes formaldehyde, acetaldehyde, glyoxal, methyl glyoxal and 
trihalocetaldehyde (Nawrocki and Kalkowska, 1999). These aldehydes are easily oxidised to 
form carboxylic acids (Corin et al., 1996). In the raw secondary effluent, total aldehydes were 
detected at 13.2 μg/L, comprising formaldehyde as the most dominant species at 75% and the 
rest being acetaldehyde (Figure 7-6). The other tested species of aldehydes: propionaldehyde, 
propenal and butyraldehyde, were not detected above their detection limit of 2 μg/L. Elevated 
levels of aldehydes were observed after the treatment of the effluent for 15 minutes by all of 
the AOPs.  
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Figure 7-6: Aldehyde levels for raw (untreated sample), AOP treated for 15 minutes and post-
biodegradation samples 
 
The total aldehydes increased from 13.2 to 17.l μg/L following 15 minutes UV/H2O2 
treatment. Ozonation resulted in the greatest formation of aldehydes of 20.4 μg/L after 15 
minutes treatment, equivalent to 55% increase. Sequential ozone-UV/H2O2 treatment resulted 
in similar aldehyde levels to those of UV/H2O2 treatment. The greater formation of aldehydes 
by ozonation was attributed to the dominance of the direct reaction pathway involving 
molecular ozone compared with the hydroxyl radical pathway. This is in line with the 
findings reported by Nawrocki and Kalkowska (1999) where aldehydes were mainly produced 
through cyclo-addition to alkene double bonds, instead of via the HO• pathway. These double 
C=C bonds exist in humic substances as unsaturated aliphatic compounds or are formed 
through the ozonation of aromatic compounds (Langlais et al., 1991). For all treated and 
untreated water in this study, the proportion of formaldehyde to acetaldehyde remained 
consistent at 75-82%, except ozonation which seemed to generate slightly higher proportion 
of formaldehyde than acetaldehyde.  
 
The accumulation of aldehydes in treated water is of concern due to the possible health effects 
as formaldehyde and acetaldehyde are considered to be probable human carcinogens 
(Richardson et al., 2007). However, the concentration observed in this study is much lower 
than the guideline value for drinking water in Australia of 500 μg/L (ADWG, 2011). 
Halogenated aldehyde by-products which also pose adverse health effects, such as cyanogen 
chloride and chloral hydrate, may be formed from the reaction with chlorine during 
disinfection (Schechter and Singer, 1995). The presence of formaldehyde during 
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chloramination may serve as the major pathway for halonitrile formation where chloramine 
acts as the source of the nitrile nitrogen (Pedersen et al., 1999). Accordingly, higher 
halonitrile formation is anticipated following chloramination of ozonated waters, unless 
subsequent biofiltration is employed to remove the aldehydes (Shah and Mitch, 2011). 
  
Furthermore, since aldehydes are highly biodegradable, there is also concern regarding 
elevated regrowth potential of microorganisms following AOPs. The biodegradation process 
removed significant proportions of these compounds (Figure 7-6); about 34% of the 
aldehydes from the UV-treated water were degraded. Ozonation seemed to generate more 
biodegradable aldehydes as biodegradation removed 47% of these compounds. Sequential 
treatment coupled with biodegradation resulted in the lowest final aldehyde concentration of 
9.9 μg/L or 25% lower than the initial aldehyde content of the untreated effluent. Hence, the 
integration of biological treatment would lower the risk of toxic by-product formation. 
 
7.2.2 Ecotoxicity  
Depending on the oxidation conditions and water composition, AOP treatments may result in 
the formation of toxic by-products. Previous research has reported increasing ecotoxic 
properties with increasing ozone dose (Petala et al., 2006). Paraskeva et al. (1998) reported 
that following ozonation of secondary effluent the presence of toxicity was not detected with 
Microtox tests. However, it was found that toxicity increased after ozonation at high doses 
(>15 mg/L) (Paraskeva et al., 1998).  
 
The toxicity of the untreated and treated secondary effluent was evaluated by monitoring the 
luminescence activity of Vibrio fischeri (Microtox® test). The secondary effluent was found 
not to cause inhibition; similarly the treated effluent was reported not to be toxic before or 
after biodegradation. Hence, the treatment of the secondary effluent by the UV/H2O2, 
ozonation and sequential processes under the conditions used did not lead to the formation of 
toxic by-products according to the Microtox® test.  
 
7.3 Potential for formation of disinfection by-products 
At some stage, it is likely that the treated secondary effluent will enter the drinking water 
system either unintentionally or intentionally as in the case of indirect potable reuse. 
Disinfection is a necessary step upon discharge of treated wastewater and in the drinking 
water treatment plant to reduce the risk of pathogens. The EfOM in secondary effluent was 
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reported to be more reactive towards oxidation to form the emerging nitrogenous DBPs than 
the NOM of drinking water (Krasner et al., 2008; Chen et al., 2009). Furthermore, it has been 
reported by several researchers that the nitrogenous DBPs are potentially more toxic and 
hazardous compared with the carbonaceous DBPs (THMs and HAAs) (Muellner et al., 2006; 
Richardson et al., 2007; Bond et al., 2011). Based on these factors, the potential for the 
formation of disinfection by-products following these treatments of the secondary effluent 
therefore needs to be assessed. 
 
7.3.1 Bromate 
The main by-product of concern in waters containing bromide, particularly during ozonation, 
is bromate (BrO3-) (von Gunten and Hoigne, 1994). Bromate is a genotoxic carcinogen and 
has been declared a potential human carcinogen (Richardson et al., 2007). The WHO issued a 
guideline concentration of 10 µg/L (WHO, 2004), and both the USEPA and European Union 
have regulated a maximum contaminant level of 10 µg/L (von Gunten, 2003b; Richardson et 
al., 2007). Australia’s National Health and Medical Research Council (NHMRC) currently 
recommends a guideline value of bromate in drinking water of less than 20 µg/L (ADWG, 
2011). During ozone disinfection, bromate formation will be a problem when the level of 
bromide is above 100 µg/L (von Gunten, 2003b). Ozonation transforms bromide mainly into 
hypobromous acid (HOBr) and hypobromite ion (OBr-), the main precursors for the formation 
of bromate (von Gunten and Hoigne, 1994). The reactions occur through a combination of 
both direct ozone and hydroxyl radical reactions as discussed in section 2.4.2.  
 
The untreated secondary effluent contained a relatively high bromide concentration of 346 
µg/L. However, following 15 minutes treatment with the AOPs (UV/H2O2, ozone and 
sequential treatment) and AOPs followed by biodegradation, no bromate was detected above 
the 10 µg/L detection limit.  
 
Based on the results observed in Chapter 5, it was obvious that in the early stages of the 
introduction of ozone, highly reactive organic matter rapidly consumed the ozone so that no 
dissolved ozone was detected in the liquid. Dissolved ozone appeared later, after the bulk of 
the colour had been removed, i.e., after 15-20 minutes. Hence, there was competition between 
formation of bromate and reaction with the reactive organic compounds, and it appears that 
the ozone preferentially reacted with the organic compounds. This is consistent with the 
relative rate constants, as the rate constants between bromide ion and ozone to form HOBr is 
P. PUSPITA     Page 148    July 2012 
1.6x102/Ms which is 104 times lower than for the reactions between ozone and the phenolic 
group of NOM (Haag and Hoigne, 1983).  
 
A similar observation was reported by Kim et al. (2007b) who investigated bromate formation 
during ozonation of secondary effluent. They observed that the level of dissolved ozone is a 
critical factor for the reactions of Br- to form bromate, and so bromate concentration only 
started to increase with prolonged ozonation where the dissolved ozone concentration was 
above 0.1 mg/L. Thus the level of dissolved ozone can be employed as an operational 
parameter to control the formation of bromate. It has also been reported during UV/H2O2 
treatment that  Br- was not transformed to bromate since HO• was the only possible oxidant in 
the absence of O3 (Symons and Zheng, 1997). In the presence of excess H2O2, the HO• 
oxidation of bromide leads to Br• which eventually forms HOBr. HOBr is then reduced by 
hydrogen peroxide back to Br- (von Gunten and Oliveras, 1998), as a result no bromate was 
detected in the UV/H2O2 AOP.  
 
7.3.2 Haloacetonitriles (HANs) 
After the formation potential (FP) test (section 3.2.12), the formation of HANs was observed 
for the untreated and treated samples (Figure 7-7).  The highest concentration of HANs 
occurred in the secondary effluent at 29.5 µg/L. In Australia, HAN levels up to 36 µg/L have 
been reported for secondary effluent (Bond et al., 2011). In all samples, DCAN was found to 
be the most dominant species, and accounted for around 85% of the total HANs detected, 
which is consistent with the findings reported by other researchers (Richardson et al., 2007; 
Krasner et al., 2008; Bond et al., 2011). The other species detected were 
monochloroacetonitrile (MCAN), monobromoacetonitrile (MBAN), and 
bromochloroacetonitrile (BCAN), while the remaining species analysed as listed in Table 3-2 
were not detected above the limit of detection.  
 
Currently, there is no guideline values set for HANs in the ADWG. The WHO has set 
provisional guideline values for DCAN and DBAN as 0.02 and 0.07 mg/L, respectively. This 
value was exceeded for DCAN of the untreated secondary effluent (25 µg/L). In the presence 
of excess chlorine, it may react rapidly with amino acids to form aldehydes and nitriles, with 
subsequent chlorine substitution to form DCAN (Krasner et al., 2009). 
 
The different treatments reduced the formation potentials of DCAN to below the WHO 
guideline value. After treatment by UV/H2O2, the HAN FPs level was reduced by 28% with 
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similar reductions for all species. Ozonation resulted in slightly better overall HAN precursor 
removal, being significantly better in removing BCAN (60%), but this was offset by increase 
in MCAN and MBAN concentrations. The observed 22% removal of HAN precursors in this 
study was consistent with the 20% removal reported by Mitch et al (2009) for chlorinated 
WTP samples. Sequential ozone and UV/H2O2 treatment showed further removal of the 
HANs formation potential by 40%. 
 
 
Figure 7-7: Concentration of HANs in untreated and treated secondary effluent, average of 
duplicate samples is plotted. 
 
According to Shah and Mitch (2012), the main nitrogen source for haloacetonitriles was 
reported to be the primary amines which tend to be found in the hydrophilic neutral or base 
fractions that are poorly removed during conventional water treatment processes (e.g., 
coagulation) compared to the hydrophobic fractions as the THMs precursors. These amine 
groups have been found to be more reactive towards the oxidant chlorine compared to other 
major nitrogenous functional groups, such as amides (Shah and Mitch, 2011). Treatment by 
UV/H2O2, ozone and the sequential processes was able to partially oxidise these compounds 
hence reducing the formation potential as demonstrated by the reductions in the biopolymers 
fraction (Section 7.1.3). This hydrophilic fraction consists of polysaccharides with some 
contribution from nitrogen-containing material such as proteins, amino sugars (Huber et al., 
2011). 
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Subsequently, the HANs precursors were completely removed in the biodegradation processes 
as no HANs were detected following the biodegradation process. The hydrophilic fractions 
(including base, neutral and acid) of DOC were more susceptible to biodegradation. This 
again coincided with the further reductions of the biopolymers and LMW compounds after 
biotreatment as demonstrated in LC-OCD (section 7.1.3). In addition, low molecular weight 
nitrogen compounds (e.g., amino acids, amines) known to be the precursors of HANs, are also 
biodegradable (Dotson et al., 2009; Bond et al., 2011). As biodegradation processes 
preferentially remove these compounds, no HANs were formed following the formation 
potential test. Chen et al. (2009) reported a similar observation where the removal of HANs 
from river water impacted with WWTP effluent correlated well with the loss of biodegradable 
portions of the EfOM.  
 
7.3.3 Nitrosamines 
Higher N-Nitrosodimethylamine (NDMA) concentrations have been reported in water 
systems disinfected using chloramines (Krasner, 2009). Hence, for the FP test, samples were 
dosed with high concentrations of chloramines (Cl2:N weight ratio = 4:1) (Mitch et al., 
2003a). The total concentration of nitrosamines formed in the secondary effluent was 350 
ng/L. Of the eight nitrosamines analysed (Table 3-2) seven species were detected in the 
secondary effluent, with NDMA being the most prevalent representing about 80% of the total 
nitrosamines, followed by N-nitrosopyrrolidine (NPYR) (7%) and N-nitrosomorpholine 
(NMOR) (5%) (Figure 7-8a). This observation is consistent with the result reported by 
Krasner et al., (2008) who reported NDMA and NMOR as the two most frequently detected 
species. The other nitrosamines: N-nitrosoethylmethylamine (NEMA), N-nitrosodiethylamine 
(NDEA), N-nitrosodipropylamine (NDPA) and N-nitrosodibutylamine (NDBA) occurred at 
very low levels (typically ≤ 4%). Taking into account NDMA as the most dominant species, 
the ADWG (2011) suggested that the concentration of NDMA in drinking water should not 
exceed 100 ng/L. This was clearly surpassed by the secondary effluent at 284.5 ng/L.  
 
The AOPs were effective in minimising the formation potential of NDMA (Figure 7-8b). After 
15 minutes of UV/H2O2 treatment, the NDMA FP was reduced by more than 70%. Thus the 
hydroxyl radicals generated during UV/H2O2 were able to remove the NDMA precursors, i.e., 
nitrogen-containing compounds such as dimethylamine (DMA) and trimethylamine (Mitch et 
al., 2003b). This finding confirms the indications that hydroxyl radicals formed in UV/H2O2 
treatment can effectively remove NDMA precursors (Mitch et al., 2003a). A slight further 
enhancement for the removal of NDMA precursors was observed following 15 minutes 
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ozonation as the NDMA was reduced to 67.5 ng/L. This is in line with the findings of Krasner 
(2009) who reported 65% reduction of NDMA precursors from ozonation. Von Gunten 
(2003b) reported that ozonation could be a powerful pre-treatment step to remove precursors 
of NDMA as it reacts quickly with secondary amines, including dimethylamine, the main 
precursors for NDMA.  
  
 
Figure 7-8: a) Composition of nitrosamines formation potential of the secondary effluent (ng/L 
and %), b) NDMA FP level after treatment with AOPs and AOPs+biodegradation 
 
 
The nitrogen-containing functional groups of humic substances also serve as precursors of 
nitrosamines (Mitch et al., 2003a; Chen and Valentine, 2007). Similar findings were reported 
by Chen and Valentine (2007) who concluded that the naturally occurring DMA content 
cannot account for the majority of the NDMA formed, it is considered a comparatively minor 
NDMA precursor and other components of NOM such as humic material accounted for most 
of the NDMA formed. These substances were reduced greatly in the present study as 
a) 
b)
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demonstrated by the EEM and LC-OCD results. No additional benefit was obtained with 
regard to reduction of NDMA FP when the sequential process was employed as it resulted in 
a very similar reduction as the UV/H2O2 alone treatment. 
 
Subsequent biodegradation resulted in a further substantial reduction in the NDMA FP. The 
NDMA precursors produced by UV/H2O2 were shown to be more biodegradable as there was 
more than 60% reduction compared to the 37% reduction for the ozonated sample after the 
BDOC test. Consistent with this trend, sequential treatment resulted in the same reduction as 
the UV/H2O2 treatment. Overall, UV/H2O2, ozonation, and sequential treatment followed by 
biodegradation reduced the subsequent NDMA concentration to 31, 43 and 33 ng/L, 
respectively, equivalent to 85-90% removal. Krasner (2009) reported a similar observation 
where biologically active filters were able to achieve high removal of NDMAFP (up to 67%).  
 
Figure 7-9 presents the changes in the formation potential of the other nitrosamines after 
treatment with AOPs and after the biodegradation process. These groups represent about 20% 
of the nitrosamines formed and detected in the secondary effluent. UV/H2O2 treatment 
slightly reduced the concentration of these groups: NMOR was reduced slightly, while the 
NPYR was increased (from 24.5 to 31 ng/L). No NDBA was detected in this treated sample 
and NDPA was reduced by half. Ozonation resulted in greater reduction of formation of these 
nitrosamines, primarily through a significant decrease in NPYR (75%). Sequential treatment 
led to a beneficial effect with marked reductions in the formation of nitrosamines by more 
than 60%, with only NPYR and NDEA remaining after treatment, despite an increase in 
NDEA from 4.2 to 7.7 ng/L.   
 
The biodegradation process had a significant effect on the resultant concentration of the 
nitrosamines. UV/H2O2 treatment followed by biodegradation resulted in the highest removal 
of the precursors of these groups, resulting in 85% reduction, particularly of NMOR, NDEA 
and NDPA. None of these species were detected, while NDBA seemed to be generated (up to 
7.7 ng/L) after biodegradation. Similarly in the ozone-treated sample, the formation potential 
of NDBA was increased to 12 ng/L following biodegradation. On the other hand, the 
biodegradation of the ozonated only sample reduced the resultant concentration of these 
compounds by 30%. Generation of equivalent concentration of NDBA was also observed in 
the sample subjected to sequential treatment (6.55 ng/L). The overall reduction of 
nitrosamines formation potential after treatments and biodegradation by UV/H2O2, ozonation 
and sequential treatment was 88%, 78% and 88%, respectively.  
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Figure 7-9: Compositions of the nitrosamines formation potentials of nitrosamines other 
than NDMA a) before and after treatment by 15 minutes UV/H2O2, ozone and sequential 
treatment b) after treatment plus biodegradation 
 
7.3.4 Trihalomethanes (THMs) 
Since NOM is known to react with chlorine during disinfection to produce the halogenated 
organic by-products, and trihalomethanes are the most prevalent product, the measurement of 
THMFP is a mechanism for evaluating the effect of the treatments. Significant reduction of 
THMFP has been reported by many researchers following treatments with ozone and 
UV/H2O2 (Glaze and Kang, 1989a; Ito et al., 1998; von Gunten, 2003b; Toor and Mohseni, 
2007; Bond et al., 2009; Lamsal et al., 2011). The decrease is usually due to the removal of 
THM precursors which tend to be more hydrophobic and aromatic in structure. 
 
Formation potential tests were performed on the untreated and treated samples by chlorinating 
the sample and incubating for 7 days, to be analysed for THMs. Unfortunately, due to the 
inconsistency and high variability in the obtained data, no conclusion can be drawn from the 
analyses. It was expected that the AOP treatments would lead to a decrease in the formation 
potential of THMs due to the elimination of precursors, indicated by the reduction in SUVA 
values.  
 
Kleiser and Frimmel (2000) investigated the differences between ozone and HO• induced 
oxidation for the removal of DBP precursors in surface water.  They found that ozonation 
rapidly decreased the formation potential of THMs due to its selectivity in removing the 
a) b)
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specific precursors, e.g., aromatics. However, the UV/H2O2 process which relies on HO• as 
the reactive species increased the formation potential of THMs by 20% with short reaction 
times. This increase was thought to be due to the insertion of phenol groups in the aromatic 
structures of NOM as a result of partial oxidation, which in turn increases the reactivity of 
such compounds with chlorine (Kleiser and Frimmel, 2000).  Initial increase of THMFP has 
also been reported following UV-based treatments of surface water by Thomson et al., 
(2004b) and Buchanan et al. (2008) where higher UV dose led to reduction of THMFP. Liu et 
al. (2012) reported similar observations for UV/H2O2 treatment of reverse osmosis 
concentrate from municipal secondary effluent, where prolonged irradiation decreased back 
the THMFP to its original level. The application of biological treatment following these 
treatments was shown to further degrade the precursors for THMs. Nevertheless, the changes 
in the THMFP are specific to water having different characteristics, since many factors 
influence the formation of the disinfection by-products.  
 
 
7.4 Summary of Chapter 7 
A direct comparison was performed for UV/H2O2, ozonation and sequential ozone-UV/H2O2 
treatments conducted for 15 minutes for reducing the colour of the secondary effluent to 20 
Pt-Co. The performance of these treatments was assessed in terms of the impact on the 
degradation of organic matter, molecular weight distribution, biodegradability and the 
formation of oxidation by-products including DBPs.  
 
Similar trends were observed to those discussed in the previous chapter. In terms of colour 
removal, no significant benefit was observed by having sequential treatment since ozonation 
was the dominant method for decolourisation. However, a synergistic effect was observed for 
the sequential process for the reduction in A254, COD and DOC where about 10% and 20% 
enhancement was observed for A254 and COD removal, respectively. Overall, the 
mineralisation after 15 min treatment by UV/H2O2, ozonation and sequential treatment and 
biodegradation was in the following order: sequential treatment (65%) > UV/H2O2 (59%) > 
ozonation (38%). 
 
Furthermore, these treatments did not lead to the formation of ecotoxic by-products as 
demonstrated by the Microtox® tests. Formaldehyde made up 75% of the aldehydes detected 
in the secondary effluent with acetaldehyde as the rest. Elevated levels of aldehydes were 
detected in the AOP treated samples for 15 minutes. Ozonation resulted in the greatest 
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formation of aldehyes where up to 55% increased was observed. However, biodegradation 
removed significant proportions of these compounds. Sequential treatment coupled with 
biodegradation resulted in the lowest final aldehyde concentration which was 25% lower than 
the initial concentration. Bromate occurred at less than the recommended guideline value for 
drinking water in Australia (<20 μg/L) in all treated and untreated samples despite the 
elevated initial Br- content of 346 μg/L. Following the DBP formation potential tests, HANs 
were detected at up to 30 µg/L in secondary effluent with DCAN as the dominant species 
(85%). All treatments resulted in significant removal of HAN precursors and biodegradation 
was able to further remove these species to below detection limit. Following chloramination, 
nitrosamines were detected at a much lower level of 350 ng/L with NDMA comprising 85% 
of these species. Combined AOP treatments and biodegradation further reduced the NDMA 
precursors by more than 85%. About half of the nitrosamine precursors were removed by the 
biodegradation process. Biodegradation would be an economical option as a post-treatment to 
AOPs due to the following reasons: ability to further remove the oxidation by-products which 
were otherwise refractory, low operating and capital cost, and its potential to reduce the 
concentration of the harmful disinfection by-products and their precursors. 
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Chapter 8- Conclusion and Recommendations 
8.1 Key findings from this work 
The investigation into the applicability of UV-based and ozone-based treatments for the 
removal of colour from a secondary-treated effluent led to several key findings.  
 
The colour in the secondary effluent was mainly contributed by an industrial waste input 
containing humic-like substances, tentatively identified as melanoidins and which have 
similar chemical properties to humic substances, from a nearby fermentation plant. Both UV- 
and ozone-based treatments were effective for reducing the colour concentration to <20 Pt-Co 
to enable compliance for Class A recycled water.  
 
Four UV-based treatments: UVC, UV/H2O2, VUV and VUV/H2O2 provided a moderate to 
high degree of decolourisation for various initial colour concentrations. The absence of 
hydroxyl radicals during UVC alone irradiation resulted in a slow and inefficient process, 
compared with the HO•-producing systems. Addition of hydrogen peroxide (16 mg/L) to the 
UVC and VUV systems gave similar overall removal of organics. When the dose of H2O2 was 
doubled (to 32 mg/L), the removal rate of colour was improved although not proportionally 
greater. At this dose, the colour target was achieved after 15 minutes of treatment. The loss of 
colour correlated well with the breakdown of high molecular weight humic acid-like material 
to lower molecular weight compounds as demonstrated by FRI analysis and size exclusion 
chromatography. Partial mineralisation of the EfOM means that unlike colour and A254, a high 
proportion of DOC remained after UV-based treatments although these lower molecular 
weight products can be subsequently removed by biological treatment. Since these 
biodegradable organics were less UV-absorbing, the removal of these compounds by 
biological treatment was marked by elevated SUVA values. First order kinetics was shown to 
describe the loss of colour, DOC and the fluorescence of fulvic acid-like compounds, while 
the loss of A254 and the fluorescence of humic acid-like compounds was better described by 
parallel first order kinetics incorporating the presence of fast and slow-reacting compounds. 
 
Ozone-based treatments achieved a rapid and high degree of decolourisation accompanied by 
subsequent improvement of the properties of the treated effluent, particularly colour. The 
effectiveness of ozone for decolourisation was due to the high reactivity of ozone with 
compounds rich in aromatic and unsaturated structures. Similar to the UV-based treatments, 
the loss of colour during ozonation was accompanied by the loss of humic and fulvic acid-like 
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matter from the fluorescent spectra. In contrast, there was little or no mineralisation during 
ozonation due to the formation of saturated and aliphatic by-products from the fragmentation 
of high molecular weight compounds which are refractory even to prolonged ozonation. The 
accumulation of these biodegradable compounds increased in proportion with ozonation time. 
The higher removal rate of COD during ozonation indicated the structural changes of the 
organics associated with the loss of compounds with high oxidation state.  
 
When ozonation was performed under alkaline conditions (pH=10) and in the presence of 
hydrogen peroxide in order to promote the formation of hydroxyl radicals, no significant 
benefit was observed as expected if the indirect mechanism dominated the reactions. Ozone 
was rapidly consumed by direct reactions with the fast-reacting species upon introduction 
leaving no or minimal dissolved ozone to react via the indirect pathway. Hence this process 
was limited by mass transfer, and signifies the importance of residual ozone concentration for 
the indirect pathway to dominate.  
 
Application of sequential treatment involving UV/H2O2 or VUV and ozone treatment did not 
improve the decolourisation rate since ozonation alone is superior for colour removal. 
Nevertheless, pre-ozonation increased the efficiency of the UV/H2O2 treatment by oxidising 
the UV-absorbing compounds so that more UV radiation was available to photolyse H2O2, 
resulting in a synergistic effect in terms of A254, DOC and COD reduction. The sequential 
treatment also led to higher proportions of biodegradable DOC compared with the individual 
treatments, e.g., 65% of remaining DOC after 15 minutes of O3-UV/H2O2 compared to 32% 
and 44% by ozone and UV/H2O2, respectively. Given the same total reaction time of 15 
minutes, the overall performance decreased in the following order: sequential O3-UV/H2O2 > 
UV/H2O2 > ozonation.  
 
In general, these treatments generated the LMW by-products that are more biodegradable than 
the parent compounds, indicating that integration of UV-based treatments with a downstream 
biological unit could enhance the effectiveness for overall treatment and at the same time 
reduce the requirement for energy. UV- or ozone-based treatment alone to achieve 
mineralisation was not efficient as they require high doses of hydrogen peroxide and long 
treatment time leading to high energy consumption.  
 
Energy assessment using EE/O showed that the addition of hydrogen peroxide makes the UV-
mediated decolourisation process more economically feasible. The calculated electrical 
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energy input (EEI) for the ozonation process was shown to be approximately six times more 
efficient than UV based treatments to achieve the same extent of colour removal. However it 
should be recognised that the UV/H2O2 process had the benefit of also leading to some 
mineralisation. For sequential treatment, addition of UV/H2O2 to the ozone treatment 
increased the required EEI considerably, however the application of the sequential treatment 
achieved 2.5 times greater mineralisation than ozone alone.  
 
Measurement of hydroxyl radical formation using the probe compound (pCBA) showed only 
minor increase in the HO• formation on the addition of H2O2 to ozonation, making it an 
inefficient choice of treatment in this study. On the other hand, the presence of hydrogen 
peroxide in the UV systems clearly resulted in greater formation of HO•, and when the dose 
was increased from 16 to 32 mg/L the availability of HO• was increased significantly although 
not proportionally. UV/H2O2 (32 mg/L) treatment for 15 minutes exhibited 4 times higher 
formation of hydroxyl radicals compared with ozone-based treatments. This explains the 
higher extent of mineralisation attained by UV/H2O2 compared with ozone treatment.  
 
As an indication of the potential health risks associated with these processes, the by-products 
formed were examined. Ecotoxicity analyses using the Microtox® assay indicated that the 
untreated secondary effluent was not toxic and UV-based and ozone-based treatments for 15 
minutes, and sequential ozone-UV/H2O2 (5+10 mins) did not result in the formation of 
ecotoxic products. Furthermore, despite the high initial Br- content, bromate occurred at less 
than the recommended guideline value for drinking water in Australia (<20 μg/L) and the 
regulated value in US and Europe (<10 μg/L) for all treated and untreated samples following 
15 minute treatment with the best performing systems (UV/H2O2 32 mg/L, ozone 8 mg/L and 
sequential O3-UV/H2O2).  This was attributed to the rapid consumption of ozone by the highly 
reactive organics upon its introduction. Hence, it appears that there was competition between 
formation of bromate and reaction with the reactive organic compounds, and that the ozone 
preferentially reacted with the organic compounds.  
 
Investigation of the formation potential of nitrogenous disinfection by-products of the treated 
water was undertaken. Following chlorination of the untreated secondary effluent, the 
formation tests showed that DCAN was the dominant species (85%) amongst the HANs (total 
concentration of 30 μg/L), and these treatments removed the formation potential by 28-
40%.The decrease was associated with the loss of the nitrogen-rich hydrophilic amines as 
demonstrated by the reduction of biopolymers in the oxidative process. The subsequent 
P. PUSPITA     Page 159    July 2012 
biotreatment effectively degraded the remaining HANs precursors such that the resultant 
HANs were below the detection limit. Following chloramination, the formation tests detected 
nitrosamines at a lower level (350 ng/L) in the untreated effluent, where NDMA made up 
85% of the total detected nitrosamines. The formation potential of NDMA was decreased by 
about 85% following the combined AOPs and biodegradation. Overall, the treatments were 
effective in achieving the regulated and guideline values for DBP concentrations for drinking 
water, and thus would comply with the requirements for recycled water.  
 
The findings of the present work indicate that UV- and ozone-based processes have the 
potential to be used for advanced treatment of secondary-treated effluent, particularly for the 
removal of colour. While ozonation is clearly superior in terms of decolourisation and energy 
requirement, UV/H2O2 resulted in a greater extent of mineralisation although it requires the 
addition of chemical and an additional step to remove the residual H2O2. However, if 
biological treatment such as BAC is then utilised, as recommended, this step would not be 
required. The observed results compare well with reported values by similar processes using 
different sources of secondary effluent. The complementary benefit of the sequential ozone-
UVH treatment further improved the overall quality of the treated water.  
 
This investigation suggested that these various treatments were effective in reducing the 
formation potential of HANs and nitrosamines. In this study, enhanced biodegradability was a 
clear outcome of the treatment of secondary effluent by AOPs. Thus, the process should not 
be used as a stand-alone treatment, but rather as a pre-treatment to convert the non-
biodegradable (coloured) organics to biodegradable compounds. Even at shorter reaction 
times, the biodegradability was at least doubled and enhanced by 3-4 times at the end of 15 
minutes treatment. Biodegradation would be an economical option as a post-treatment to 
AOPs due to its ability to further remove the oxidation by-products, its low operating and 
capital cost, and its potential to reduce the concentration of the harmful disinfection by-
products. Therefore, with further research and development to improve the process such as 
better reactor design and lamp efficiency, these technologies may become an attractive and 
viable option for advanced treatment of secondary effluent. 
 
 
 
P. PUSPITA     Page 160    July 2012 
8.2 Recommendations for future work 
The measurement of biodegradability by the BDOC method shows the potential for 
integrating a subsequent biodegradation process (possibly BAC) to further remove DOC and 
so produce higher quality treated effluent. In a direct comparison by Buchanan (2008), greater 
removal of biodegradable compounds was attained by BAC systems than the in BDOC test 
after VUV irradiation for treating drinking water. In addition, it has been reported that DBP 
precursors as well as residual hydrogen peroxide which was not consumed during the 
upstream AOPs were removed (Toor and Mohseni, 2007; Buchanan et al., 2008). Hence, it is 
suggested that future research should include the application of BAC as a post-treatment, with 
the potential for scale-up to pilot and full-scale. 
 
The efficiency of both UV- and ozone-based processes can be improved by the development 
of better reactor designs. The most important factors for UV reactor configurations are the 
total irradiated surface area and the light distribution (pathlength) within the reactor. The 
current annular UV reactor operated in a batch mode. A continuous flow reactor is commonly 
preferred over batch mode since it is more comparable to full scale applications. Good mixing 
technique encourages better performance so that the water can be evenly distributed 
throughout the reactor. A study by Wols et al. (2011) provides a comparison of different 
reaction types using computational fluid dynamics (CFD) modelling to evaluate these reactors 
and so improve the oxidation performance. Similar research would be interesting for further 
investigation for application to wastewater.  
 
The low solubility of ozone in water means that the mixing of reactor contents is very 
important, and it has been observed that mass transfer is a usually limiting factor during 
ozonation. The presence of dissolved ozone is essential to achieve effective ozone-based 
AOPs. Therefore, developments of reactor configurations with enhanced mass transfer to 
achieve higher dissolved ozone concentrations will potentially improve oxidation 
performance. An appropriate gas diffuser which produces fine bubbles for the introduction of 
gaseous ozone is a good start. As noted by Gottschalk et al. (2010), an efficient gas contactor 
must produce a large mass-transfer area while consuming little energy. There are many 
modifications and configurations available to optimise mass transfer, e.g., bubble jet column, 
static mixers, injection nozzle and membrane reactors. Investigation of the performance of 
these reactors for ozonation would be an attractive subject for further investigation.  
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The recent development of UV LEDs is also another topic for exploration. The UV LED is a 
more energy efficient option to the traditional mercury lamps used in this study. Studies on 
the use of UV LEDs for water disinfection is a growing topic mainly due to the  perceived 
benefits of: no disposal problem (as they do not contain mercury), compact and robust design, 
no warm-up time, lower voltages and power requirements and potential for longer lifetimes 
(Vilhunen et al., 2009). The current challenge is the relatively low output power and relatively 
high cost of LEDs. However, the prospect of the practical use of this technology to treat 
wastewater has exciting future research potential.  
 
Another growing aspect of water treatment research is the identification and investigation of 
DBPs. Preliminary results from this study suggested that the applied AOPs and biological 
treatments were effective for reducing the formation potentials of HANs and nitrosamines for 
the secondary effluent. Although there are many reports on the occurrence and formation of 
NDMA in potable water, further work is needed to attain more understanding on the role of 
EfOM in the formation and occurrence of nitrosamines other than NDMA. The presence of 
other potential DBPs (such as halonitromethanes, haloacetamides, cyanogen halides), should 
also be investigated. The identification of the components of EfOM and dissolved organic 
nitrogen specific to the N-DBP precursors also needs further research, as does the 
development and formation of N-DBPs which would allow the possibility to predict and 
prevent their formation.  
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Appendices 
Appendix 1- Hydra hexactinella tests and results for ecotoxicity tests 
 
Hydra test procedure 
1. Test concentrations 
Seven test concentrations plus a control solution composed of Hydra medium were 
prepared. The serial dilution series 100, 50, 25, 12.5, 6.25, 3.125 and 1.156% v/v were 
prepared from the test samples as detailed below. 
 
2. Sample dilution procedure 
All the dilutions were performed using the method of Trottier et al. (1997) supplying 
the 100% sample with TES buffer (Merck, Darmstad, Germany) and CaCl2. The serial 
dilutions were prepared using the, Hydra medium as a diluent according to the method 
of Trottier et al. (1997) with the exception that no EDTA was added to the preparation 
of the Hydra medium, since this may have chelated trace metals in the unknown test 
solutions. 
 
All hydra tests were conducted in 12 well microplates at 20 ± 1.0º C. in a 16 hour 
light, 8 hour dark, diurnal regime.  
 
3. Methodology for observations on hydra 
The organisms were initially observed at 0 h after introduction into the wells of the 
microplate. Changes in hydra morphology were observed at 6-10X magnification 
using an Olympus dissecting microscope after 24, 48, 72 and 96h of exposure to test 
solutions. 
 
4. Assessment end points 
Adult hydra undergoes drastic changes in morphology as toxicity intensifies. When 
exposed to toxic substances, Hydra shows signs of slight (clubbed tentacles) 
intoxication. The next stage, the tulip phase will lead, in most cases to the death of the 
organisms. The clubbed tentacle stage was selected as the sub lethal endpoint, while 
the tulip phase was selected as lethal endpoint. 
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 Figures showing different Hydra responses to toxicity 
 
Figure A1-1: Normal Hydra 
 
 
Figure A1-2: Hydra with clubbed tentacles: first signal of toxicity, sub-lethal endpoint 
used 
  
 
Figure A1-3 : Hydra in tulip stage: the lethal endpoint used. 
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Microtox® and Hydra tests results 
 
Table A-1: Microtox® sub lethal (EC50), Hydra lethal (LC50) and sub lethal (EC50) endpoints for the tested samples (±95% confidence 
interval) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Microtox®   Hydra hexactinella   
       
 
EC50-
15min.(CI) 
EC50 
30min.(CI b)  LC50 24h(CI)  
LC50 
48h(CI)  
LC50 
72h(CI)  LC50 96h(CI)  EC50 96h (CI)  
        
Raw FWHT 200910 
 not toxic  not toxic not toxic not toxic not toxic not toxic 
        
UVC 300 
 not toxic  not toxic not toxic not toxic not toxic 
16.01 
( 12.10-21.10) 
        
UVC 120 
 not toxic  80.09(0-0) not toxic not toxic not toxic 
61.20 
( 23.88-156.86) 
        
VUV 180 
 not toxic  not toxic not toxic not toxic not toxic 
10.31 
(7.77-13.69) 
        
VUV 60 
 not toxic  not toxic not toxic not toxic not toxic 
5.85 
(4.32-6.42) 
        
UV/H2O2 I  120 
 not toxic  not toxic not toxic not toxic not toxic 9.55(6.59-13.82) 
        
UV/H2O2 I  45 
 not toxic  not toxic not toxic not toxic not toxic 
13.84 
(12.76-14.95) 
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Appendix 2 – Technical Information and Technical Output graph of the ozone 
generator 
 
 
LAB2B Laboratory Ozone generator (Ozonia Triogen, Degremont technologies Ltd.) 
 
 
 
a) General Information (Triogen, 2009) 
 Ozone Output (Max)   4.0 g/h (Feed gas: Dry air -60oC Dew point) 
10.0 g/h (Feed gas: Oxygen Bottled) 
 
 Feed Gas Flowrate   4-10 L/min Dry air 
2-5 L/min Oxygen 
 
 Operating Method   Vacuum or Pressure (10 psi. max) 
 Variable output control  15-100% 
 
 Power Consumption   105 Watts 
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b) Technical Output graphs (Triogen, 2009) 
 
Feed gas : 100% Oxygen 
Pressure : 10 psi (max) 
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Feed gas : Dry Air (-60oC Dew point) 
Pressure : 10 psi (max) 
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Appendix 3- Constants and error to model the UV-based treatments 
The modelling was performed using SigmaPlot 
 
 
Table A-2: Constants and error for Colour, A254, and DOC 
 Treatment C1(o) %SE 
k1(o) 
(min-1) 
%SE C2(o) %SE 
k2(o) 
(min-1) 
%SE C3(o) %SE R2 
Colour 
UVC 0.98 1.7 0.0073 1.4 -  -  0.02 80.0 0.9996 
VUV 0.97 2.4 0.018 6.3 -  -  0.03 72.9 0.9977 
UV/H2O2 16 mg/L 0.97 1.9 0.049 4.7 -  -  0.03 44.8 0.9957 
VUV/H2O2 16 mg/L 0.97 2.4 0.050 6.0 -  -  0.03 57.0 0.9959 
UV/H2O2 32 mg/L 0.99 2.5 0.095 5.5 -  -  0.01 82.3 0.9957 
A254 
UVC 0.86 1.4 0.0073 5.5 0.05 30.8 0.2 19.8 0.09 18.5 0.9998 
VUV 0.74 8.4 0.013 20.1 0.19 46.7 0.08 31.1 0.07 47.8 0.9994 
UV/H2O2 16 mg/L 0.73 7.2 0.052 8.4 0.27 20.3 0.007 32.3 - - 0.9992 
VUV/H2O2 16 mg/L 0.70 15.0 0.056 16.1 0.30 37.0 0.009 44.9 - - 0.9976 
UV/H2O2 32 mg/L 0.84 2.4 0.076 3.9 0.16 13.4 0.005 30.8 - - 0.9996 
DOC 
UVC 0.15 8.6 0.007 21.7 -  -  0.85 1.7 0.9845 
VUV 0.38 18.0 0.006 29.1 -  -  0.62 11.4 0.9914 
UV/H2O2 16 mg/L 0.26 5.0 0.020 13.3 -  -  0.74 1.9 0.9918 
VUV/H2O2 16 mg/L 0.37 9.1 0.014 19.6 -  -  0.63 5.9 0.9882 
UV/H2O2 32 mg/L 0.35 2.0 0.035 5.5 -  -  0.65 1.0 0.9973 
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Table A-3: Constants and error for Humic and Fulvic like acids 
  
Treatment 
C1(o)  
(x106) %SE 
k1(o) 
(min-1) %SE 
C2(o) 
(x106) %SE 
k2(o) 
(min-1) %SE 
C3(o) 
(x106) %SE R2 
Humic 
acid-
like 
UV 0.82 6.3 0.011 15.5 - - - - 0.18 21.4 0.9941 
VUV 0.47 0.6 0.139 1.2 0.53 0.5 0.0118 0.5 - - 0.9819 
UV/H2O2 16 mg/L 0.78 3.3 0.097 4.9 0.22 11.8 0.009 17.8 - - 0.9998 
VUV/H2O2 16 mg/L 0.62 8.3 0.19 16.5 0.38 10.3 0.019 15.3 - - 0.9993 
UV/H2O2 32 mg/L 0.90 7.2 0.11 14.8 0.10 50.0 0.009 86.7 - - 0.9995 
Fuvic 
acid-
like 
UV 1.00 2.4 0.0024 8.3 - - - - - - 0.985 
VUV 0.82 11.1 0.0199 - - -   - 0.18 50.0 0.9798 
UV/H2O2 16 mg/L 0.82 4.1 0.055 10.9 - - - - 0.18 13.2 0.9945 
VUV/H2O2 16 mg/L 0.84 5.9 0.056 16.1 - - - - 0.16 25.0 0.9846 
UV/H2O2 32 mg/L 0.90 1.1 0.074 2.7 - - - - 0.10 5.0 0.9998 
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Appendix 4- Constants and error for ozone-based treatments model 
 
 
Table A-4: Constants and error for Colour, A254, and DOC 
  Treatment C1(o)  %SE k1(o)(min-1) %SE C2(o) %SE k2(o) (min-1) %SE C3(o) %SE R2 SS 
Colour 
O3 5mg/L 0.62 11.6 0.13 12.8 0.38 19.0 0.027 18.5 -  0.9993 1.2 
O3 8mg/L 0.85 3.2 0.182 4.9 0.15 18.8 0.015 26.7 -  0.9995 1.0 
O3 8mg/L, pH 10 0.73 2.3 0.29 6.9 0.27 6.3 0.032 9.4 -  0.9997 0.8 
O3 8mg/L, pH 4 0.82 1.6 0.179 2.8 0.18 7.1 0.012 16.7 -  0.9998 0.4 
O3/H2O2 0.25mM 0.74 2.5 0.240 3.8 0.26 6.9 0.023 8.7 -  0.9998 0.6 
O3/H2O2 0.5mM 0.76 1.1 0.258 2.3 0.24 3.5 0.024 4.2 -   0.9999 0.4 
A254 
O3 5mg/L 0.340 2.9 0.025 8.0 -  -  0.060 16.7 0.9991 0.0030 
O3 8mg/L 0.315 1.9 0.049 4.1 -  -  0.084 7.1 0.9987 0.0044 
O3 8mg/L, pH 10 0.249 2.8 0.048 8.3 -  -  0.063 11.1 0.9969 0.0054 
O3 8mg/L, pH 4 0.240 1.3 0.047 3.6 -  -  0.081 3.7 0.9976 0.0025 
O3/H2O2 0.25mM 0.32 3.1 0.056 8.9 -  -  0.09 11.1 0.9942 0.0099 
O3/H2O2 0.5mM 0.301 2.3 0.060 6.7 -   -   0.103 5.8 0.9972 0.0064 
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Table A-5: Constants and error for Humic and Fulvic like acids 
  
Treatment 
C1(o)   
(x106) %SE 
k1(o) 
(min-1) %SE 
C2(o) 
(x106) %SE 
k2(o) 
(min-1) %SE 
C3(o)  
(x106) %SE R2 
Humic 
acid-
like 
O3 5mg/L 0.14  0.3  0.86  0.039  -   
O3 8mg/L 0.44 8.9 0.29 16.5 0.56 6.7 0.033 8.3 -  0.9989 
O3 8mg/L, pH 10 0.44 19.6 0.4 33.8 0.56 7.3 0.0385 8.3 -  0.9990 
O3 8mg/L, pH 4 0.35 19.8 0.3349 42.1 0.65 10.1 0.034 12.1 -  0.9971 
O3/H2O2 0.25mM 0.56 36.5 0.1477 39.0 0.44 46.5 0.03 40.7 -  0.9944 
O3/H2O2 0.5mM 0.63 21.2 0.148 26.9 0.37 36.2 0.021 41.0 -   0.9967 
Fuvic 
acid-
like 
O3 8mg/L 0.87 3.5 0.076 8.6 -  -  0.27 18.1 0.994 
O3 8mg/L, pH 10 0.85 5.2 0.08 12.6 -  -  0.33 27.8 0.9867 
O3 8mg/L, pH 4 0.84 3.5 0.078 8.8 -  -  0.33 14.1 0.9951 
O3/H2O2 0.25mM 0.88 4.7 0.0711 11.7 -  -  0.23 27.2 0.9892 
O3/H2O2 0.5mM 0.85 3.5 0.0782 8.8 -   -   0.29 14.1 0.9951 
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Appendix 5- Colour correction for pH adjustment of secondary 
effluent 
 
 
 
The graph below was used to correct for colour changes of the secondary effluent during pH 
adjustments. Normally when pH was reduced from neutral to about pH 4, the colour 
decreased by about 20% or equivalent to 20 Pt-Co units for initial colour concentration of 100 
Pt-Co. 
 
 
y = 0.0428x + 0.6733
R2 = 0.9956
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Figure A5-1: Colour correction for pH adjustments of secondary effluent 
 
